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ABSTRACT
Two species of hakéMerluccius capensiandMerluccius paradoxysaccount for most of
Namibia’s fisheries catch, and they are importasbadary consumers in the Benguela Current
ecosysteminferences on their trophic relationships have beesed mainly on stomach content
analyses. However, such data are limited tempob&lbause they represent only snapshots of
recent feeding, and are quantitatively biased sxativariation in the digestion rates of
different prey.

The principal aim of the thesis wasunderstand the trophic relationships of two hepecies
relative to each other, their known prey and tagdptors (demersal sharks) in the northern
Benguela Current ecosystem (Namibia), using tinbegirating trophic biomarkers. By using
stable isotope (carbon and nitrogen) and fatty sigidatures of their muscle tissues, my overall
objectives were to produce new knowledge aboutkg lontogenic trophic relationships, 2) the
contributions of different prey to hake diets, 8ka dietary differences, and 4) some aspects of
hake’s trophic relationships with demersal shafkssues of hake (n=358), their potential prey
(n=455), and demersal sharks (n=42) were colleotdadeen 2008 and 2012 during demersal
bottom trawl surveys off Namibia, for stable isc¢agnd fatty acid analyses.

Nitrogen isotopes3(**N) showed a significant positive relationship wéike in bothM.
capensisandM. paradoxushowever, the correlation slopes of size &N in the two species
were significantly different, witth. paradoxudisplaying a steeper trophic shi4t significant
increase in carbon isotope signatWEQ) with size was observed M. capensi$ut not inM.
paradoxus|n all size classes (except 20—29 dvh)capensidiad significantly enrichetfC
values, generally matching their respective achétfsslope distribution. Smaller hake from both

species (20—39 cm) were trophically indistinguidbatvith trophic levels (TL) of 3.3 indicating
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predominant zooplanktivory. The larg@ét capensig60—70 cm) had TLs of approximately 3.5—
3.6, wherea®. paradoxusof the same size were slightly higher at 3.7-3.8ildicating greater
piscivory in the latter.

A Bayesian isotope mixing model indicated thatdsteSynagrops microlepsand
Chlorophthalmus agazizihe shrimpPlesionika martiamyctophidsand euphausiids dominated
the diets of both hake species. The greatest bomdri to the diet oM. paradoxuschanged
depending on the body size of the hake, while teedf all size classes ®. capensisvas
dominated by myctophids. Cannibalism accountedefss than 6% and less than 4% of the diets
of M. capensiandM. paradoxugespectively. Isotope-based estimates of prendiet
contributions differed from those of published aguts of gut content analyses, an indication of
overestimation of the time-integrated diet by thigelr.

The fatty acid (FA) profiles of the two speci®é. paradoxus and M. capenksnd potential
prey were similar to those typically abundant irrimafish. Palmitic acid (16:0) was the
dominant saturated fatty acid (SFA), oleic acid:{b89) was the dominant monounsaturated
fatty acid (MUFA) and docosahexaenoic acid (22:5mas the dominant polyunsaturated fatty
acid (PUFA) in both hake species. Fatty acid (FAYifes in the neutral storage lipids df.
paradoxusandM. capensisvere significantly different, an indication of rekpecies’ dietary
resource partitioning, although some overlap wasmegnt. There was a significant temporal
effect on hake FA compositions, reflecting tempeeaiations in quantity and quality of dietary
resources.

Feasible contributions of hake to the diets oférdemersal sharks indicated that hake are not
major prey ofCentrophorus squamosushose diet was dominated by crustaceans. However,
there was an increased contribution of hake talitis ofDeaniasharks. All three sharks
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studied Deania calcea, D. profundoruandC. squamosygotentially consumed upwards of 18
% (208 960 tonnes per year) of the hake biomaskl[@ke biomass estimates (1 111 196.8
tonnes)]. The tw®eaniaspecies were isotopically indistinguishable imtenfs™N, and fed

on a prey composition that overlapped with thatloparadoxuss*>C values indicated that hake
and sharks fed on prey from similar basal resoumgigs C. squamosubeing significantly
different fromM. paradoxusbut not fromM. capensisThe range 08°C ands™N indicated that
the two hake species had a higher range of cadnees as well as enhanced trophic diversity
in their feeding patterns than did the three slsadcies.

This study is the first combined usage of staliéoise and fatty acid techniques to analyse
trophic relationships dfl. capensiandM. paradoxusn the northern Benguela Current
(Namibia). The study contributes towards understandf trophic interactions in Namibian
waters, and can aid the implementation of a scidased ecosystem approach to fisheries
management in the Northern Benguela Current re@amibia). The extension of this analysis
throughout hake distribution ranges will providelgidnal insights into the trophic dynamics of
hake species in future, and my study represeraicaifsundation from which to develop such

extensions.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 The marine waters off Namibia

The marine waters within 1500 km of the Namibiaastbne are influenced by the Benguela
Current. This cold and nutrient-rich current flobetween 5 S, 12°E off Cabinda in Angola to
the Nelson Mandela Metropole (Port Elizabeth) anghuth coast of South Africa at’°$4 26 E
[(Schell 1970; Nelson and Hutchings 1983; Hutchieigal. 2009) (Fig 1.1)]. The Benguela
Current is bounded by two warm-water regimes, ngakinnique amongst the world’s
upwelling systems (Shannon 1985; Hutchiagal.2009; Veitchet al. 2009).The Benguela
Current is characterised by an equatorward flowlagt levels of wind-driven coastal
upwelling which brings nutrient-rich deep watethe surface (Nelson and Hutchings 1983; Carr
and Kearns 2003). Upwelling is a dominant ocearggcaprocess in the Benguela Current area,
with other features being the leakage of warm Aagalirrent water from the north
(Gammelsrocet al. 1998; Weset al. 2004), hydrogen sulphide eruption, and red titfésgkset
al. 2004; Brucheret al. 2009).

The current is divided into two distinctive areagproximity to the most active upwelling cell
around Luderitz (Shannon 1985). The northern rethahis in contact with Namibian waters is
characterized by intense upwelling throughout nobste year (Campillo-Campbell and Gordoa,
2004). Upwelling off Namibia is strong during th@oter months, reinforcing the seasonal effect
and causing a well-defined temperature cycle (Gaed@l. 2000). Seasonal warming of central
and northern Namibian waters occurs during latersenmand early autumn as a result of the
intrusion of warm saline water of equatorial origBhannoret al. 1987). The influence of the
upwelling regime is on average between 150 andk&®®ide; however, the filamentous mixing
area may extend up to 625 km offshore (Campillo-glzell and Gordoa 2004).

The Benguela Current ecosystem is one of the molsigically productive regions of the
world’s oceans, supporting large commercial fiskeedue to its high primary productivity
(Shannon 1985; Hutchings al. 2009; Veitchet al.2009). The energy flow pathway is
dominated by primary production—zooplankton—peldigit—-demersal fish, with pelagic and
demersal fish acting as the most important plaokéis and secondary consumers, respectively
(Heymans and Baird 2000). The primary productiothefBenguela region averages 735 gC-m
2.yeaf* (Brownet al. 1991), lower than the 1225 gC?nyear* average of the Peruvian Current

1
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(Walsh 1981). The average fish biomass for the Belagregion is estimated at 23 tonnes per
square kilometre (Ware 1992).

Major changes have occurred in the system sincbagmning of industrial exploitation and
subsequent overfishing, including spatial changehke distribution of small pelagic fish
(Shannoret al.2003; Shannon and Cury 2004), and increases mdsis of other species such as
jellyfish (Flynnet al.2012; Rowet al.2013) and gobies(Utne-palet al. 2010).
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Figure 1.1 A general map of the Benguela Current ecosysteatified from Rouwxet al.2013).
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1.2 Hake species off Namibia

The two hake species off Namibidérluccius capensi€astelnau 1851 arld. paradoxus
Franca 1960) belong to the family Merlucciidae. el&om theMerlucciusgenus occupied
shallow epicontinental seas between Europe andiAsiee Paleogene period [(around 23
million years ago (Ma); (Svetovidov 1948)]. Gradueduction in high-latitude ocean
temperatures in the Oligocene [(around 34 Ma); i(betval. 1975)] forced the distribution of
ancestraMerlucciussouthward (Inada 1981). The southern dispersadi4. ofierlucciuslO-15
Ma and 2 Ma, respectively (Figure 2), have lechoiresent day populationsMf paradoxus
andM. capensisn Namibian waters (Grant and Leslie 2001).

For decades, the two sympatric specMsdqapensiandM. paradoxushave been the main
target of an important bottom trawl fishery off Nim, with hake catches from 1973 to 1990
averaging 500 — 600 thousand tonnes annually (Westh 2001). At the time of Namibian
independence from South Africa, the newly formedegoment introduced management
measures aimed at rebuilding Namibia’s fish stoaks, since 1990 annual hake landings have
ranged between 55,000 and 200,000 tonnes (lyambb) 20

Morphologically the two species differ in numbeneftebrae, pigmentation on the gill
rakers, and otolith and pectoral fin shape (Von Beydenet al. 2007 and references therein).
The two species are distributed at overlappinglgeptithM. capensidiving in waters of ca. 50
to 350 m, andM. paradoxudrom 250 to 600 m (Burmeister 200Merluccius capensis more
abundant thaM. paradoxusn Namibian waters (Kainget al.2011) These two species are
found along the entire Namibian shelf, with smailtelividuals of both species occurring in
shallower waters (Burmeister 2001) and having dibvariability in the sizes of the pelagic and
demersal components (lilendeal.2001).Merluccius capensis known to spawns in Namibian
waters, whileM. paradoxusppears to spawn only in South Africa (Kairegel. 2007).

The two species are not distinguished in commehaké catches (Gorded al. 2006),
therefore both are managed as a single stock bydh@bian Ministry of Fishery and Marine
Resources (Butterworth and Rademeyer 2005). A nethad of splitting time-series of
commercial hake catches between the two specidsdeasdeveloped and will allow for a

species-specific hake assessment (Johnsen andnid2b&?2).
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Figure 1.2: A geographic model of the origin of Berluccius paradoxuand b)Merluccius
capensigmodified from Grant and Leslie 2001). The arraegresent the direction of the

species dispersal.

1.3 Hake trophic relationships

The diets of the two hake species based on stonmatknt analyses were found to be similar
and they are considered opportunistic predatossnaill fish and crustaceans (Roel and
Macpherson 1988). Some of hake prey are krill,teesans, cephalopods, myctophids, horse
mackerel, bearded goby, and other demersal andipdish species (Macpherson and Roel,
1987; Traut, 1996). Larger hake of both speciesansidered cannibalistic (Payeeal.1987),
with M. capensiglisplaying a marked preference for small hake @hacson and Gordoa 1994).
Human and several apex predators including seatséhkeraet al. 2006) and sharks (Yano
1991; Eberkt al. 1992; Ebert 1994) feed on hake. Food-web modelsidped for the Benguela
Current region have indicated that hake is the nimygortant secondary consumer in the region
(Heymanset al.2004; Watermeyegt al. 2008).Inferences of the trophic relationshipsi\bf

capensisaandM. paradoxusn the Benguela Current have mainly been basestmnach
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contents analyses (Macpherson and Roel 1987; Rayalel987; Roel and Macpherson 1988;
Macpherson and Gordoa 1994; Traut 1986} such data are limited temporally because they
represent snapshots of recent feeding, and quardliabecause of biases resulting from

variability in the digestion rates of different prgCortés 1997).

1.4 Assessment of the trophic relationships in th@arine food web.

1.4.1 Introduction

In his seminal book “ On the Origin of Species” e pictured animal assemblages in
nature as bound together by a web of complex liekg®arwin 1859). Studies have indicated
that different organisms are fixed in food webshimitdifferent ecosystems (Rosenzweig and
Macarthur 1963; Schoener 1971; Paine 1988). Fodu$ Wwave now long been described as
consisting of complex species interactions throwgiious food chains (Elton 1927, 1929;
Hutchinson 1959; Paine 1963, 1969). Food chainpaitevays of organic energy through
trophic positions from the base to the top of alfaeb (Lindeman 1942; Post 2002a). Trophic
positions of individual organisms and/or specigsicts their location within food webs, with the
maximum trophic position being the top level of fbed web (Yodzis 1984; Williamst al.

2004). Trophic positions of species are difficoldietermine due to the plasticity of their feeding
(Pimm and Lawton 1977; Brodeur and Pearcy 1992)ctmventional trophic level hierarchy
starts from 1.0 for primary producers (basal spgcend usually ends with third or fourth level
consumers (Pimm and Kitching 1988; Williaetsal. 2004). Energy transfer efficiency from one
trophic level to the next is around 1q%ndeman 1942)although in marine ecosystems it can
vary between 2 and 24% (Pauly and Christensen 1GRtysheet al. 2011). Food webs often
support large numbers of species interacting inpternetworks of direct and indirect pathways
(Martinez 1991; Polis 1991).

There are important differences between marineosimel ecosystem (e.qg. terrestrial and
freshwater), with marine food webs having on avenagre trophic links per species (Cohen
1994; Link 2002a; Dunnet al. 2004; Warrant and Locket 2004). It is not cleaether these
differences in food webs among ecosystem typessafiem fundamentally different ecological
processes, or from incidental consequences of sgpary events (Webb 2012). Marine

ecosystems are among the world’s most productidedarerse systems (Solatal. 2006). The
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base of most marine food webs consist of phytoptankvith zooplankton being the major link
between primary producers and higher trophic le(feéanoset al. 2012). Many marine
ecosystem have a very large numbers of speciég &wer trophic levels, and a substantial
numbers of predatory fishes that feed at the ap&ear-apex levels, and a crucial intermediate
trophic level of plankton-feeding pelagic fishesakBn 2006; Curet al. 2011).

In any food web consisting of a network of orgarsssannected by their trophic interactions,
there are differences in the relative strengthiamgbrtance of these interactions (Paine and
Schindler 2002). Assessing these trophic relatigssis a daunting task, especially when
considering the logistics of studying marine comrties and upper-trophic level consumers,
where year-round sampling of different componenth® food web is highly problematic
(Cortés 1999). Understanding of the trophic retahfips among marine species is however
crucial to managing our marine resources with higleetainty (Yodzis 1994; Mueter and
Megrey 2006), and through a science-based ecosygipmach to fisheries management that
considers multi-species trophic interactions (Rao®@ Shannon 2004; Garcia and Cochrane
2005; Cochranet al.2009; Paterson and Petersen 2010; Shaenhah2010; Patersoat al.
2010).

In addition to the conventional stomach contentysmas, our understanding of trophic
interactions in marine communities has been augedeinging trophic interaction models
(Berryman 1992; Giacomimt al. 2013) such as the Lotka-Volterra model (Lotka )%t
ecosystem dynamic models such as Ecopath (Raaly2000). Over the last two decades, the
use of stable isotope analysis and the analydettyfacid signatures in ecological research has
increased (Gregt al.2000; Arnouldet al. 2005; Schmidet al. 2006, 2007; Post al. 2007;
Koussoroplis et al. 2011; Parrishal2012). The two methods provide temporally-integpat
measures of trophic relationships among speciesamdetectrophic interactions not observed

through stomach content analyses.

1.4.2 Stable isotopes

Stable isotope analysis has emerged as a metholdah#&ansformed our understanding of
ecological systems (Haines 1976; Wetsal. 2006)by delineating trophic pathways and the
relative trophic levels of consumers (Petersonfanydl987). Of the elements used (Table 1),

stable isotopes of nitrogen and carbon have beeemtst widely used in ecological studies
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(Peterson and Howard 1987; Behringer and Butle628@wasseet al.2009; Choyet al. 2009;
litembuet al. 2012)

The stable isotope analysis approach is basedegprihciple that carbon and nitrogen isotope
ratios in animal tissues closely reflect thoseheirtassimilated prey, with a predictable
enrichment of the heavier isotopé, *°N) because of preferential metabolism of the lighte
12¢ and™N isotopes (DeNiro and Epstein 1978, 1981).Thepjsiotratios of these elements
show predictable enrichment through food webs (Beteand Fry 1987). During metabolism of
nitrogen, the light isotope{N) is concentrated in nitrogenous excretory prosiudiile the
heavy isotopefN) is retained in consumer tissues (Peterson 19@#),a trophic enrichment
factor averaging3.4 %o per trophic level (Minagawa and Wada 1984eRen and Fry 1987;
Mccutcharet al.2003). For carbon stable isotopes, different foofmgrimary producers fix the
carbon t°C and'*C) isotopes at different rates; hence differentpoers can have disparate
83C signatures. These basal differences are theectefl in the consumers, &€ values in
consumer tissues are enricheddiyeo per trophic level (Vander Zandehal. 1998; Post
2002b).The trophic enrichment factors (TEF) of both ofadfen {°N) and carbon’fC ) isotope,
which are the differences in isotopic compositietween an animal and its diet, can vary among
species (Vanderklift and Ponsard 2003; GHwl. 2009).studies have identified large
differences in TEF between taxon, species, tissliesquality environment and feeding rate
(Hussey et al. 2010 and references therein).

One of the caveats for using stable isotopes itbggas the time a tissue takes to equilibrate
isotopically with that of an organism’s diet, knoas the isotopic turnover rate. The isotopic
turnover rate in its simplest form is a functiorntisue mass, metabolic fraction, and growth
fraction (Hessleiret al. 1993), with the metabolic fraction in most fishirigeminimal, and
almost all isotopic turnover occurring through stimgrowth (Hessleiret al. 1993; MacAvoyet
al. 2001; Miller 2006; Suring and Wing 2009). Smafish therefore express faster turnover
rates than their larger counterparts (Jennetgd. 2008). The successful application of stable
isotope analysis to animal ecology is thereforeedepnt on our knowledge of how animals
incorporate the isotopic composition of their faotb their tissues (Gannes al. 1997). Trophic
relationships can be difficult to resolve where plo¢ential food sources are not isotopically
distinct, or where a variety of potential food smg exist (Peterson 1999). Researchers have

demonstrated that the combined use of stable isstapd other methods such as fatty acid
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analysis can better reveal trophic relationshipsitiations where conventional methods alone
previously provided insufficient data (Alfaet al. 2006; El-Sabaaweat al. 2009; Stowassaeat al.
2009)

Table 1.1: Average abundances (on Earth) of stable isotoppertant for understanding
ecosystems (source: Westtal. 2006).

Element Isotope Average abundance (%)
Hydrogen H 99.985
’H 0.0015
Carbon 2c 98.89
Bc 1.11
Nitrogen N 99.63
5N 0.37
Oxygen % 99.759
o 0.037
o) 0.204
Sulphur 35 95.00
35 0.76
345 4.22
g 0.014
8
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1.4.3 Fatty acids

Fatty acids are used as metabolic energy resemeeara accumulated in substantial amounts
by many aquatic organisms (Pond 2012). Since Lo{#¥85) suggested the conservative
transfer of fatty acids (FAS) in aquatic food welb4, analyses have been widely used in the
trophic analysis of marine systems (Graetval.1994; Alfaroet al. 2006; Rosset al. 2006;

Allan et al.2010). The application of FAs as trophic markexs mostly been used to gain
qualitative knowledge about the diets of consuraésee (Brett et al., 2006; Lanca et al., 2011),
to qualitatively investigate the dietary sourcesmg® FA found in a predator and their prey
(Prato et al., 2012; Shin et al., 2008)d to quantitatively estimate diet from FA sigmas of
predator and prey (Ilversat al. 2004).

Fatty acids have been used as diet tracers in emaonsumers because most consumers lack
the desaturase enzymes needed to biosynthesizeiated FAs and therefore have to acquire
these components from their fofbcher and Ghioni 1999; Hastingsal. 2001; Nichols 2003)
Fatty acids are transferred through the food cfraimm phytoplankton that carry out elongation
of short-chain compounds (Calder 2001; Nichols 2083d these longer chains are incorporated
into consumer tissues without extensive modificaiDalsgaarckt al. 2003; Hauberét al.

2011). Neutral lipid classes are used as energgstny organisms, while polar lipid classes are
important constituents of cell membranes (Dalsgaasad., 2003 and references therein). As
membrane components, the fatty acids in polardipidy be elongated and desaturated by
organisms(Caramujet al. 2008), but can provide long-term dietary inforroatabout a
consumer (Koussoroplet al.2010). Fatty acids in neutral lipids can be degdsinto tissues
relatively unmodified during trophic transfer (Camgjo et al. 2008) and generally resemble the
consumer’s food intake more closely than poladbpiJezyk and Penicnak 1966; Parasial.
1995). The caveat in using FAs in food web studigbat consumer FA signatures will never
directly match dietary FA composition because@®hovasynthesis of FAs, FA modifications,
and selective catabolism and/or storage of FAsl{ahktis and Buck 2010). However, as more
controlled feeding studies are completed, reseasclidl gradually improve upon the amount of
accurate dietary information that can be extratteah fatty acid profiles of food and consumers.
In spite of the above-mentioned caveats, qualgadivd quantitative dietary inferences on the
influence of diet on the FA composition of varidissues can still be made (Budgfeal. 2002,
2006; Richoux 2005, 2010; Connahnal.2010; Beckmanet al.2013).
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1.5 Thesis overview

Several studies based on inferences from stomadiemoanalyses (Macpherson and Roel
1987; Paynet al. 1987; Roel and Macpherson 1988; Macpherson anddadt994) indicated
that hake are important secondary consumers iBénguela Current region; however, the
trophic relationships of haké/( capensiandM. paradoxu¥in Namibian waters are not well
defined. The main objective of this thesis wastwease our knowledge of the two species’

trophic relationships using time-integrating traptracers by:

1. investigating the relative ontogenetic trophic shifi hake using **N, overlap of
diet usings *C, and the relative trophic levels of their domingrey (Chapter 3),

2. comparing the relative contributions of differewtgntial prey to the diets of the
two hake species using a Bayesian isotope mixingetn@hapter 4),

3. measuring fatty acid signatures in hake and rejatiem to potential prey
(Chapter 5), and

4. examining some aspects of the trophic relationsbifle two hake species
relative to demersal sharks off Namibia usitg\ ands **C of their tissues (Chapter 6).

Results herein will help the Namibian Ministry akeries and Marine Resources to
implement a science-based ecosystem approacthtwiés management (Cochrane et al. 2009)
and researchers to construct accurate trophic madéhe northern Benguela (Namibia) Current

ecosystem.
1.6 Publication status and co-authorship statements

Chapter 3 is published as: litembu J.A., Miller T,\®hmori K., Kanime A. and Wells S.
(2012) Comparison of ontogenetic trophic shiftwothake speciedderluccius capensiand
Merluccius paradoxudrom the Northern Benguela Current ecosystem (lNi@nusing stable
isotope analysidzisheries Oceanograph®l, 215-225. | developed the concepts in the paper
designed the sampling protocols, carried out lalbboyanalyses, conducted statistically analyses
and wrote the manuscript. Dr Miller assisted wita thanuscript writing and statistical analyses,

Dr Ohmori assisted with editing the manuscript,K4nime and Mr Wells assisted with
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laboratory analyses and samples collection. Themp@hapter 3) is reproduced with permission
(Appendix 2).

Chapter 4, 5 and 6 are finished manuscripts. |ldpeel the overall concepts, designed the
sampling protocols, directed the sampling teanrjezhiout laboratory and statistical analyses,
and wrote the manuscripts. Drs Richoux and Mill@vded supervisory directions, ideas and

editorial suggestions.

11
© J.A litembu 2014 ® Rhodes University 2014



CHAPTER 2: MATERIALS AND METHODS

2.1 Field sampling and sample preparation

Samples of hake, sharks and their potential preg wellected in the northern Benguela
upwelling system (Namibia) (Fig 2.1). The collectiwas done during hak®1( capensiandM.
paradoxuspiomass surveys (falanuary -18 February 2008, 1bJanuary-19 February 2009,
12" January —24 February 2011, f1January —28 February 2012) on board MBlue Sea |
and a monkfishl{ophius vomerinu} biomass survey (16-27" December 2011) on boaR¥/
Welwitchia These surveys were mainly done for estimation efriaiss and size composition of
the hake and monkfish stock off Namibia, so sangpiotlowed survey pre-determined stations
and was confined within the borders of Angola {lete 17°12’S) and South Africa (29°30’S) at
a depth range of 90 — 700 m (Fig 2.1).

Sampling during hake biomass surveys was done asteigund Super two-panel bottom
trawl (head length 31 m, footrope 47 m, and théicarnet opening 4.5-5.5 m), while sampling
during the monk biomass surveys was performed wsitgmmercial type Albatross monkfish
bottom trawl (head length 50.3 m, footrope 63.9nd e vertical net opening 1.2-1.3 m) rigged
with tickler chains along the footrope. Trawlingespl during both surveys was on average 3.0
knots, and trawling time was 30 minutes except whanling was interrupted due to a large
catch, or a rough/rocky or muddy bottom.

Sampling for all fish was opportunistic, with thengral goal of obtaining a wide size
distribution of each species to examine their tropélationships. At each station where
sampling was done (Fig 2.1), individual fish (rarggfrom 1 to 10, if present in the catch) were
chosen from the largest, middle and smallest sizeps. After identification, each fish was
measured (total length). A small section of whiteseie was removed from the anterior-dorsal
region of each fish (hake, potential prey and s$jesklected for deriving stable isotope data
(Table 2.1). Skin was removed from the muscle,thrdnuscle was immediately wrapped in
aluminium foil and frozen at -20°C on the ship. &8s were taken to the National Marine
Information and Research Centre (NatMRIC, Swakopmidamibia) and Sam Nujoma Marine
and Coastal resources Research Center (SANUMARGé$ebay, Namibia) for laboratory
preparations. Tissue samples were dried for 48shatuB0°C, ground to a fine powder using a

mortar and pestle, and placed in polyethylene Yalstorage. The remaining whole fish were
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stored in Ziploc bags and frozen at “#Dso that additional fish tissues could be lateseiited
from the same specimens for fatty acid sample gog (Table 2.1). The additional muscle
tissue samples were removed from each frozen §isteacribed above, stored at -80°C for 24
hours and then lyophilized at -60f@ 24 hours.

Some prey samples were collected from hake stom@uents (see chapter 3, Table 3.1 for
more details). Nineteen stomach samples fkdncapensisand 15 stomachs ™. paradoxus
were analysed from the August 2009 port samplesn&ths were first removed from the fish
and assessed for digestive condition. Stomachsfresih prey items were retained and placed in
a plastic bag and immediately frozen at -20°C twthfer identification, processing and analysis.
Large fish prey were identified to the lowest tasumic level, rinsed gently with distilled water
to remove gut mucous, and the dorsal anterior reugak removed for isotope analysis. For
zooplankton such as euphausiids and shrimp, ina@sdwere identified, rinsed with distilled
water and whole bodies saved for isotope anallfsesh stomach contents for stable isotope

analysis have been used in ecological studies (&Bmuglaset al. 1991; Tanakat al. 2008).

13
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Table 2.1: Sampling information of specimens taxa, total namdf samplesn), number of samples per sampling period and their
use in this study (Sl= stable isotope and FA= fattyl).

Number of samples per collection period

Jan-Feb Jan-Feb  August Jan-Feb Dec Jan-Feb Used

n 2008 2009 2009 2011 2011 2012 for

Crustaceans
Copepoda 3 - - 3 - - - Sl
EuphausiidsEuphausa sp). 34 - - 18 - - 16 SI
Shrimp (Penaeidae family) 3 - - 3 - - - Sl
Shrimp (Pisiphaeidae family) 1 - - 1 - - - Sl
Stripped red shrimpA(isteus varidens) 19 - - - - - 19 Sl
African mud shrimgSolenocera africana) 10 - - - - - 10 Sl
Golden shrimgPlesionika martia) 19 - - - - - 19 Sl
Woodward shrimgFunchalia woodwardi) 16 - - - - - 16 Sl

Cephalopods
Cock-eyed squid (Histioteuthidae family) 1 - - 1 - - - SI
Bobtailed squid (Sepiolidae family ) 3 - - 3 - - - SI
Flying squid(Todarodes sagittatus) 2 - - - - 2 - SI+FA
Lesser flying squidTodaropsis eblanae) 6 - - - - 6 - Sl

15
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Table 2.1 continued

Teleosts

Shortnose greeney€ljlorophthalmus 15 - 1 - 14 - SI+FA
agassiz
Cape dragondParacallionymus costatus) 5 - - - - 5 SI+FA
Light fish (Phosichthys argenteus) 11 - - - 11 - Sl
Cape bonnetmoutfEmmelichthys nitidus 4 - - - - 4 Sl
nitidus
Pelagic gobySufflogobius bibartus) 5 - - - - 5 SI+FA
Pencil cardina(Epigonus denticulatus) - - - 5 SI+FA
Blackbelly rosefishKelicolenus 27 - 3 8 16 SI+FA
dactylopteru¥
Grenadiers (Macrouridae family ) 6 - 6 - - - SI
GrenadieCaelorinchus simorhynchus) 7 - - - 7 Sl
Smalltooth grenadieNezumia 33 - 10 12 11 - SI+FA
micronychodoh
Myctophids (Myctophidae family) 20 - 4 - 4 12 SI
Lantern belly Synagrops microlepsis 30 - 1 - 26 3 SI+FA
Cape gurnardChelidonichthys capensis) 6 - - - 6 SI
Horse mackerellrachurus capensjs 12 11 1 - - - Sl
Cape anchovyHngraulis capens)s 119 105 - - - 14 SI+FA
16

© J.A litembu 2014

® Rhodes University 2014



Table 2.1 continued

Sardine $ardinops saggx

Round herringEtrumeus whiteheapli
Shallow water Cape hak®lérluccius
capensiy

Deep water Cape hak®lérluccius
paradoxu$

Arrow head dodgfist{Deania profundorum)
Bird-beak dogfisi{Deania calcea)

Leaf scale gulper shafkCentrophorus

squamosus)

187 128

171 120

- 15

- 18

Sl
Si
S| +FA

Sl +FA

Sl

Sl
Sl
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2.2 Laboratory Analysis

2.2.1 Stable isotope Analysis

Isotope samples collected in 2008 and 2009 (usebapter 3) were analysed at the Center
for Marine Environmental Studies (CMES), Ehime Uity (Japan) using a Carlo Erba
Elemental Analyzer 2500 coupled to a Finnigan MAdItB Plus stable isotope ratio mass
spectrometer via a ConFlo-Ill continuous flow iféee.The standard applied at CMES was L-
histidine calibrated to atmospheric N2 8rN and Vienna Pee Dee Belemnite 86iC.
Measurement error (SD) at CMES for both carbonratrdgen was * 0.3. Samples collected
during 2011 and 2012 (used in chapter 4 and 6) amaé/sed at IsoEnvironmental CC
Laboratory at Rhodes University (Grahamstown, Sédtita) using a Europa Scientific
Elemental Analyzer coupled to a 20-20 Isotope Risléss Spectrometer (IRMS3eet sugar,
ammonium sulfate and casein were used as in-hoaisdasds at IsoEnvironmental CC
Laboratory. These in-house standards were calibagainst International Atomic Energy
Agency (IAEA) standards CH-6 and N-1. Measurementsr (SD) at IsoEnvironmental CC
Laboratory was of +0.06 %o f@rl3C and +£0.12 %o fo315N.

The'?C/*C and™N/*N isotope measurements were expressed in theraettion relative
to the levels of°C in Pee Dee Belemnite aftN in atmospheric nitrogen ¢\ according to the
following equation8X = {(R sampidRstandar) - 1} X 1000,where X is"C or™N and R is the ratio
of the heavy to light isotope for the sample (g9 and standard @&ndard in units of parts per
thousand (%o).

Because carbon isotope ratios can be altered lmgelsan lipids irrespective of the carbon
source (McConnaughey and McRoy 19#8gasurements were mathematically corrected for
lipid variations using**Cnormaiizea= 8" -Cuntreatec— 3.32 + 0.99 x C:N, a normalization equation
from Postet al.2007b).5**C untreated is th&"C of non-lipid extracted tissue. TEEC of
samples having C:N ratios <3.5 do not benefit fiigma normalization (Postt al. 2007),
therefore only samples expressing C:N ratios >ZEewipid normalized. Lipid extraction was
not performed as it can alt&rN values, requiring separate analyse3#& ands™N analysis
(Sweetinget al. 2006). The mathematical lipid correction method Wwarked well for lipid
correction ofs*3C in deep-sea fishes (Hoffman and Sutton 2010).

To calculate the relative trophic level (TL) of féifent species, the following equation was

used: Trophic level = §Nconsumer 8- "Npasd/ A N] + 2.0, wheres**Neonsumerds the signature of
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the consume™Npaseis the baseline value of the food wels;N is the trophic enrichment
factor, and the value 2.0 indicates the trophiel®f the organism used to establish 8 pase

The trophic enrichment factor was set at 3.4%. pttic level (Minagawa and Wada 1984; Post
2002b).5"N of mytilid bivalves (TL=2.0) were used &5Npasdecause bivalves are primary
consumers that have protracted isotopic turnovesrthat can integrate seasonal variability
(Lorrainet al.2002; Fukumoret al. 2008).

In chapter 3, a meait™N of 9.2 %o from two mytilid bivalve specie€horomytilus
meridionalisandMytilis galloprovinciali§ was used a&"°Nyase The bivalves were collected
around the same time as Chapter 3 samples by Keh&(2011) off Luderitz (Namibia). In
chapters 4 and 6, a mean of 9.8 %o from bivalveisgd€horomytilus meridionaljs collected
from Luderitz (south coast, n=6), Swakopmund (@rdoast, n=6) and Henties bay (northern
coast, N=6), was used &SNpase The bivalves were collected at the same timesaawmples for
chapters 4 and &he use of bivalves as th&Npa.sewas based on their isotopic value proximity
to zooplankton (size 200-500 Im) in this study #rat of Sholto-Douglas et al. (1991) west of
South Africa, which in most cases were identicaleny similar. | assumed no significant near-
shore’ offshore differences in & "N based on Holmes et al.’s (1998) observationtthé Ichange
in 8°C andd™N values of surface sediments up to 200 km offreshihis matches known cross-
shelf and offshore transport of upwelled water togrey and persistent upwelling within the

region (Duncombe Rae 2005).

2.2.2 Fatty acid analysis

All fatty acid analyses were completed in the Faityd Facility at Rhodes University
(Grahamstown, South Africa). Lyophilized samplesenadividually ground with a mortar and
pestle into a fine powder and a weighed mass (®0rif) was placed in glass tubes, after which
chloroform with 0.01% butylated hydroxytoluene vealed and the tube flushed with nitrogen
(N2). The tubes were sealed with teflon tape for gt -20 °C. All materials used in the
preparation of samples were cleaned with thre@esiims methanol (MeOH) followed by three
rinses of chloroform (CHG), while glass tubes and pipettes were heated@d@5or four
hours in a muffle furnace to remove organic conteamis.

Total lipid extraction was done using a modifieddhgprocedure (Folckt al. 1957), where
samples were extracted in a 2:1 (v/v) chloroforntfraeol solution and then the volume of

solvents adjusted to an 8:4:3 ratio (v/v/v) of ebform/methanol/wateiTotal lipids of hake
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tissues were fractionated into neutral (NL) andapbpids (PL) using column chromatography
on silica gel. A small amount of pre-combusted glasol was placed in the tapered end of a
Pasteur pipette, packed with approximately 0.8 gjlafa gel, activated by heating at 100°C for 1
h and cooled for 30 minutes. The lipid extracttocoform was placed at the top of the column,
and NLs were recovered with approximately 6 mL &f190.5 chloroform/methanol/formic acid
and then 3 ml of CHGIwere passed through the column to return it tarakpolarity. Polar
lipids were eluted with 6 ml of MeOH following tlmeethod by Budge and Parrish (2003) .
Fatty acid methyl esters (FAMES) of neutral andltbpids were prepared using the method
of Budgeet al ( 2006), after 0.3 ml of a standdrd-10 mg of 19:0 in 10 mL of CHg)lwas
added to each sample to allow for FAME quantifmatiGas chromatography (GC) analyses of
FAMEs were analysed using an Agilent 7890A GCdittdgth a flame ionization detector and a
ZebronWaxplus 320 capillary column. The oven temperatues set at 70 °C and held for 1
min, then increased at a rate of 40 °C/min to XZ@&nAd held for 3 min, and increased to 250 °C
at 2.5 °C/min and held for 4.5 min, for a total tume of 40 min per sample. Helium was used as
the carrier gas at a flow rate of 1.6641ml /mirg #re injector and detector were maintained at
250 °C and 300 °C, respectively. Peaks of fattgserere integrated using Agilent ChemStation
and confirmed on a subset of samples using an wgrn@o00A GC/MS-QQQ coupled with the
NIST 08 MS library. Each fatty acid was measured psoportion of the total fatty acids (%)
and as fatty acid weight per dry mass using theriatl standard peak areas. Fatty acids were
named according to the nomenclature of the Intemnalt Union of Pure and Applied Chemistry
(IUPAC) for carbon chain length, number of doubbatts and position of the double bond
closest to the omega carbon.

2.3 Statistical Analysis
Details on statistical procedures are includecertiens 3.2.3, 4.2.3, 5.2.3, and 6.2.3.
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CHAPTER 3: ONTOGENIC CHANGES IN THE TROPHIC RELATIO NSHIPS OF
MERLUCCIUS CAPENSIS AND M. PARADOXUS USING A STABLE ISOTOPE
APPROACH!?

3.1 Introduction

Knowledge of life history characteristics of fighegies and interactions of prey and predatory
species is increasingly important as the world rsdegvards ecosystem-scale approaches to
fisheries management. One of the principal cha#eng aquatic ecology is determining how
fish are distributed among available habitats, lao these distributions change with growth
(Persson and De Roos 2003nderstanding the growth-based changes in feedshg\bour is
essential in understanding complex food web ratatiqps (Werner and Gilliam 1984; Gilljagt
al. 2011), as body size is an important feature tbtgrchines potential predators and prey
(Jenningset al. 2001; De Roos and Persson 2002).

Two sympatric species of hake are distributed atlapping depths, witMerluccius
capensidiving in waters of ca. 50-350 m, aMl paradoxusn deeper waters from 250—-600 m
(Burmeister 2001). Studies using stomach contewlisated that both species are important
opportunistic predators within the Benguela CurestsysteniRoel and Macpherson 1988;
Traut 1996)Interpretations of stomach content data are, howédted (see Chapter 1) as
these data are incapable of providing precise aodrate parameters for multi-species models
(Puntet al. 1992).

Despite ecological significance of hake (Heymanal.2004; Watermeyegt al. 2008), their
trophic relationships and relative trophic posison the food web are not well understold.
many population, organisms undergo ontogeneticengttifts with respect to resource and/or
habitat use (Jensex al. 2012). Previous studies using stomach contentiddieate that both
hake species become increasingly piscivorous tlirtlegr development (Roel and Macpherson
1988; Punet al. 1992).

Given the strong morphological similarities of tia® species of hake and their known

overlap in depth distribution, there is a needdtednine their spatial and ontogenetic trophic

! Published as litembu J.A., Miller T.W., Ohmori iKanime A. and Wells S. (2012) Comparison of ontagien
trophic shift in two hake specidglerluccius capensiandMerluccius paradoxusrom the Northern Benguela

Current ecosystem (Namibia) using stable isotopdyais. Fisheries Oceanography 21, 215-225.
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overlap, which can provide essential informationdgnamic ecosystem models and fisheries
management. Stable isotope analysis is useful beazuts time- and space-integrated
representation of diets (Bearhepal.2004; Laymaret al. 2007). This technique can allow
identification of the nature of dietary shifts tbgh ontogeny, specifically concerning the shifts
in niche width, niche position and niche over{fslammerschlag-Peyet al.2011). In this study,
carbon and nitrogen stable isotope analysis walteaip examine the trophic dynamics\f
capensiandM. paradoxuswith respect to: i) their ontogeny, ii) spatiariadions, and iii)

potential prey. It was hypothesized that theredéfferences in the ontogenetic trophic shifts of
the two species and isotopic spatial variationgtfdand latitude) because of differences in their
distributions. This chapter represents the firshprehensive isotope analysis of two sympatric

hake species in the Benguela Current region.

3.2 Methods and materials

3.2.1 Sample collection
All hake samples were collected during a hake bgssarvey (January- February 2008) as
described in Chapter 2, section 2.1. The prey wellected from stomach contents and field

sampling as described in Chapter 2, section 2.1.

3.2.2 Laboratory analysis
All samples were measured ®FC ands™>N at the Center for Marine Environmental Studies,

Ehime University (Japan) as described in Chaptse@tion 2.2.1.

3.2.3 Statistical Analysis
Analysis of variance (ANOVA) and linear regressimathods were applied to examine the

relationship of stable isotop&" N andd*3C) values to size (length), depth, latitude, anddme
instances interactions between parameters. Pramdtyses, data were examined for normality
and homogeneity of variance using Shapiro-Wilkd tend Levene’s test, respectively.
Violations of either were addressed using log ti@mnsation of the data.

Size-specific differences betwebh capensiandM. paradoxusvere explored using
ANCOVA, with isotopes §°C ands*N) as the dependent variables, spediéscapensisind
M. paradoxs) as the dummy variable, size, latitude and dapttovariates, and the interaction

term of lengthxspecies. The interaction term deiteemwhether there is a significant difference
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between the slopes of the isotopic values in tlegpecies, which determines any size-specific
differences in trophic behaviour. Species diffeeming'*C ands™N by length classes (total
length) of 20-29, 30-39, 40-49, 50-59, and 60-69(fmtlowing Roel and Macpherson 1988)
were examined using a t-test comparisor(05). Low sample sizes of haké0 cm were
deemed unsuitable for robust statistical analysism all size-specific comparisons, variances in
8N betweerM. capensisindM. paradoxusvere not equal (Levene’s test, P = 0.03). All

statistical tests were performed using R (R Cor@nTé009), Vienna, Austria).

3.3 Results

Comparisons 05*°N betweerM. capensisandM. paradoxusafter accounting for covariates
of length and the interaction term (lengthxspecigispwed a moderately insignificant species
difference in5™>N (ANCOVA, p = 0.056F(1, 224) = 3.6), with both length (ANCOVA, p <
0.001,F(1, 224) = 81.6) and the interaction term lengtlecsgs (ANCOVA, p < 0.0015(1,

224) = 12.7) being highly significant (full model< 0.001R?= 0.33). From the regression of
8N and length between the two specMs paradoxuslisplayed a stronger relationship (p
<0.001, B = 0.50) tharM. capensigp < 0.001R* = 0.10). For both species, length was the only
significant variable in explainind°N (Fig. 3.1), even after considering variables eptth,
latitude, and interaction terms. In particulélr, capensiglid show a significant correlation
between total length and depth (p < 0.0Rz 0.26), but when length and depth plus their
interaction were applied to expladf’N, depth and the interaction term of depth x lengtne
found non-significant (p = 0.11 and 0.09, respestivfull modelR?*= 0.51). Size-specific
comparisons between the two species showed netitatidifferences i6*°N between size
classes from 20-39 cm (p = 0.3, mean differeidd <0.1%o), but sizes 40-49 cm (p = 0.05,
mean differencé™N = 0.3%0) and larger (g 0.005) were significantly different, witt.
paradoxuson average higher than. capensigFig.3.1).
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Figure 3.1: Stable isotope plot &N and Total Length (cm) by relative trophic leveLj of

individual Merluccius capensiandMerluccius paradoxusRelative trophic level was
approximated from meast™N values of zooplankton primary consumers (copepstusmp and
euphausiids), with subsequent increasing TLs e8&t¥o in3"°N. Dashed line denotes least
squares foM. paradoxudor fishes>20 cm total lengthf=0.04, t (1, 115) =72.1, F (1,105) =
148.6, R=0.56, p<0.001). Full line denotes least squareMi{aapensis$=20 cm total length
(B=0.02, t (1, 105) = 4.4, F (1,105) = 19.6,40.16, p <0.01).

For'3C, a significant positive relationship with sizesaanly observed iM. capensigp <
0.001,R? = 0.10). Comparison of size-specificC values betweekl. capensisindM.
paradoxusshowed no significant differences in the smalles# slass of 20-29 cm (p = 0.4,
mean difference i6'*C = 0.1%o), but significant differences in size ¢mes>30-39 cm were
observed (p = 0.02, mean differencéifC = 0.3%o, Fig. 3.2). For both species, depth and

latitude were not influential explanatory variab{fs> 0.10).
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Figure 3.2: Plots ofM. capensigndM. paradoxus**C values versus water column depth of collectiop)(find total length
(bottom). Depth was not significant for both spe¢es 0.20, botiM. paradoxusandM. capensis Total length was significantly
influential inM. capensigp = 0.02, t (1, 107) =70.9, F (1, 107) = 11.47R0.10, p = 0.001], denoted as the least squares |
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Analysis of hake prey showed most fishes displagimgcheds™N values and relative
trophic levels compared to squid and crustaceans 33, Table 3.1). Sardine had the most
depleted meab™N values of all fishes (mean + SD = 9.2%. +0.7), panable to copepods and
euphausiids (meadt°N = 9.6%. +0.2 and 9.7%o. +1.2, respectively). Usingagtionation value
of 3.4%o per trophic level from the baseline of rgtbivalves from Kohleet al.2011 (mean
8N = 9.2%o), all hake (botM. paradoxusandM. capensi$>20 cm total length hadf N
values above zooplankton and nekton prey, and hadf3.0 and 3.8 (Table 3.1, Fig. 3.3).

From&*3C of all zooplankton and nekton, enriched (leagfatige) values of >-16.0%. were
expressed in largé. paradoxug>30 cm total length), small tooth grenadier atiteo
grenadiers (Macrouridae), sardirgafdinops sagg»and anchovylngraulis capensis)
Intermediate values between -16.0 and -17.0%. wWeserved inVl. paradoxuslarge horse
mackerel Trachurus capensjsround herringEtrumeus whiteheajicockeyed squid
(Histioteuthidae), blackbelly rosefish¢licolenus dactyloptedashortnose greeneye
(Chlorophthamus agass)zpasiphaeid shrimp and euphausisghausiasp.). The most
depleted (most negative) values <-18.0%. were irepods SynagropgPerciformes),

myctophids, and penaeid shrimp.
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Table 3.1: Sable isotope measurements [%o (standard deviatadrppoplankton and nekton taxa with their averagal length [L
(cm)], number of samples (N), sample source [(stdnf{a) or field (f) collection)], carbon: nitrogeatio (C: N) and trophic level

(TL). 8*°C' represents the lipid-normalized values and cegeesents the Fig. 3.2 codes.

Taxa>mPsoure code L N "N C:N 8°C 3"°C' TL
Zooplankton (length = total length mm)
Copepodd cope <1.0 3 9.6(0.2) 4.2(0.2) -20.4(1.2) -194) 2.1(0.1)
euphausiids Euphausiasp'® euph 15.0 18 9.7(0.3) 4.0(0.4) -17.5(0.5) -16.8(0.8).1(0.3)
Penaeidae — shrirfip pena - 3 9.2(0.7)5.1(0.1) -18.5(0.2) -16.8(0.2)2.0(0.2)
Pasiphaeidae — shritfip pasi - 1 115 3.6 -17.1 -16.9 2.7
Cephalopoda
Histioteuthidae - cockeyed sqtfid histio - 1 124 3.7 -16.0 -15.7 2.9
Sepiolidae - bobtailed squfid sepi - 3 11.2(0.2)3.6(<0.1) -16.4(<0.1) -16.2 2.6
Fish (length = total length cm)
Shortnose greeney€lilorophthalmus agass)z? 120 1 122 3.2 -17.2 2.9
Blackbelly rosefishiielicolenus dactyloptery§’ 14.0 3 10.9(0.4)3.8(0.2) -16.8(0.4) -16.3(0.3R.5(0.1)
Macrouridae — grenadiéts macr 120 6 12.2(0.3)3.3(0.1) -14.7 (0.4) 2.8 (0.1)
Smalltooth grenadieiNezumia micronychoddf’ 19.2 10 12.7(1.4)3.2(0.1) -15.2(0.4) 3.0(0.4)
Myctophidaé® myct 55 4 11.7(1.0)5.7(1.9) -18.9(1.5) -1.66(0.7) 2.7(0.3)
Acropomatidae $ynagropsp.J® - 1 146 7.9 -195  -15.0 3.6
Horse mackerelTrachurus capensjssmalf® tcap (S) 18.7 1 115 6.2 -19.6 -16.9 2.8
Horse mackerelT{. capensik largé” tcap (L) 40.7 11 13.6(0.4)3.4(0.2) -16.5(0.4) 3.3(0.1)
Cape anchovyHngraulis capens)s’ anch 9.3 10512.1(1.1) 3.7(0.3) -16.2(0.6) -15.8(0.5)2.7(0.3)
27
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Table 3.1 continued

Sardine $ardinops saga¥’ sard 18.3 23 9.2(0.7) 3.4(0.2) -15.9(0.7) 2.0

Round herringEtrumeus whitehea)f? redeye  11.5 12.8 35 -16.7 3.1

Shallow water Cape hak®érluccius capens)s’ MCgig 13.6 19 12.5(0.6) 3.2(0.1) -16.5(1.0) 3.0(0.2)
MCa29 24.8 22 13.7(0.5) 3.2(<0.1) -16.5(1.3) 3.3(0.1)
MCso30 34.9 22 13.6(0.8) 3.1(0.1) -16.0(0.6 3.3(0.2)
MCaouo 44.9 24 13.9(0.2) 3.2(0.1) -15.7(0.6) 3.4(0.3)
MCsos0 53.9 20 14.2(1.0) 3.2(0.1) -15.8(0.7) 3.5(0.3)
MCeoeo 63.9 13 14.4(0.9) 3.1(<0.1) -15.7(0.4) 3.5(0.3)
MCr. 76.8 8 14.6(1.2) 3.2(<0.1) -15.8(0.7) 3.6(0.4)

Deep-water Cape haks!(paradoxu$®’ MPx.2e 25.5 19 13.6(0.4) 3.1(<0.1) -16.6(0.4) 3.3(0.10
MPss3 34.3 31 14.0(0.5) 3.2(<0.1) -16.3(0.3) 3.4(0.1)
MPso4e 44.9 22 14.6(0.6) 3.2(<0.1) -16.5(0.7) 3.6(0.2)
MPsosg 55.1 26 14.8(0.7) 3.3(<0.1) -16.5(0.3) 3.6(0.2)
MPsoss 61.7 16 15.4(0.6) 3.4(0.4) -16.8(0.8) 3.8(0.2)
MP;. 748 5 15.1(1.1) 3.2(0.1) -16.0(0.2) 3.7(0.3)
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3.4 Discussion

This study represents the first trophic analysitheftwo hake species within the Benguela
Current ecosystem using stable isotopé€ ands™°N. BothM. paradoxusandM. capensis
showed significant size-specific shiftsdTN; however, the overall differencesdfPN and the
slopes of the shift varied between the two speSesller hake (<30 cm) were indistinguishable
using theirs'*C andd™®N signatures, suggesting that these size classesdshome degree of
spatial and trophic overlap, with larger fish (>30) expressing greater differentiation in both
signatures. The smallest individuals\df capensig8-19 cm) were approximately 3.4%. (1.1
TL) above the baseline of 9.2%. (from Kohkdral.2011) and close to the TLs of copepods,
penaeid shrimp and euphausiid&l = 9.6-9.2%o), indicating almost entirely zooplamkty.

For M. capensisthere appears to be a large trophic shi&' ™ from the smallest sizes of 8-19
cm to the next size group of 20-29 cm, and sizegs®f bothM. capensiandM. paradoxus
>20 cm total length were all within the range & 8nd 3.8 TLs (Table 3.1).

The general pattern B1°N matches well with a comprehensive stomach corsteity of the
two species by Roel and Macpherson (1988) off Namib which they observed differences in
diets between larger classesvbfcapensisandM. paradoxusand a general progression toward
piscivory in larger individuals of both speciessiggnificantly enriched®N values inM.
paradoxuscompared td/. capensisvas observed, which is similar to Roel and Macpbie'’s
(1988) observation of greater piscivory by the fernBy assuming that TLs of 3.0 and 4.0
represent complete zooplanktivory and piscivorgpeetively M. capensisandM. paradoxus
with TLs of 3.3 to 3.8 in this study represent betw 30 and 80% piscivory. The size categories
between 20-39 cm iNl. capensigTL 3.3) and\V. paradoxugTL 3.3-3.4) therefore both express
a percentage piscivory of around 30-40%, which exiprate to Roel and Macpherson's (1988)
values of about 25-45% (based on % frequency istiachs). In larger size classes of +60 cm
from my study, levels of piscivory were 50-60%\h capensisand 70-80% ifM. paradoxus
which are somewhat below the values of 70-85% iapensisbut similar to 80-90% iiM.
paradoxusas published in Roel and Macpherson(1988). Tagoms for these differences
between our studies seem inherent from the trapdin@aviour oMerlucciusspp. in general, with
feeding being highly opportunistic and showing gdand temporal variability (Roel and
Macpherson 1988; Buckley and Livingston 1997; Gamiand Link 2000b; Ferratat al.

2007). Differences were also expected becauseogit studies are prone to temporal biases
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from short feeding events and differential digastiates of prey (Cortés 1997). On the other
hand, stable isotopes integrate what has beenesiné into tissue over a period of time of
days to years (Hesslegt al. 1993; Miller 2006). Another potential error in ragtimations of
piscivory by hake could arise from their consumptidé sardines, a prey wit°N similar to the
zooplankton. Roel and Macpherson (1988) listedatdilfes of hake prey, but did not include
clupeids (sardines), therefore suggesting thairsssdre probably not important contributors to
the diets oM. capensior M. paradoxus

Diet-analyses oMerlucciusspp. have shown ontogenetic shift trends from leoggivory to
piscivory (Bozzanet al. 1997; Carpentiet al. 2005), which is consistent with the findings of
this study. Le Loc’h and Hily (2005) examined sigeecific shifts ir5*°N andd**C signatures in
European hakeaVerluccius merlucciusand observed a significant positive relationshipoth
isotopes with fish size, and estimated size-spetifiphic levels of 3.2 in smallest sizes (9-15
cm), 3.7 in medium (19-36 cm) and 4.0 in largeSt43 cm). Trophic levels ¢f4.0 suggested
almost complete piscivory, values not obtainechia study (maximum TL 3.8l. paradoxu}¥
or in other isotope studies of hake from the sautlhumboldt Current (trophic level 3.51.
gayi; Huckstadt et al., 2007), and northern Califo@iarent (trophic level 3.4\1. productus
(Miller et al.2010). This variation may be a result of the uhyileg differences in trophic
structure between ecosystems, such as the relatpatance of certain prey (e.g. euphausiids
and decapods) associated with upwelling ecosystemgared to regions with significantly
lower levels of primary and secondary productioamparisons of my isotope results with those
in van der Banlet al.(2011), a study from the same region and time ybake collections, but
one year prior to my prey collections, showed siniit°N values in euphausiids (range ~9.0-
9.5%0). However, van der Bark al. (2011) reportedery differents*3C values for euphausiids
(-16.8%0) compared with min@--19.4%o.). Copepods from all size classes by van @akBt al.
(2011) showed™N ~1.4%. below my measurement of copepods. For zmigdn it is difficult
to compare the two studies because of differencdsei way samples were treated. van der Bank
et al.(2011) lipid-extracted their zooplankton samplgsmto measuring >N, and this may
cause some difference in the isotopic values dérikarthermore, some prey taxa from my
study were obtained through stomach contents of hakich may have some effect on isotope
signatures. In terms of nekton, after adjustingfophic enrichment{°N = 3.4%. per TL),

comparison 06°N and3™*C measures of pelagic gob§ufflogobius bibarbat)size classes
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(van der Bank et al. 2011) M. capensieandM. paradoxussize classes suggests substantial
trophic interaction, with the small (total length.7 cm) and medium (total length 5.8-9.0 cm)
sizes of gobies welihatched to isotopic values Bf. capensi$50-69 andM. paradoxus>40-49

cm total length$™N values of large gobies9.0 cm) were well above my highest values in

even the largest hake, thus suggesting little aramdribution. These results are only evidential
and further analysis by description of diet cordgasftboth hake species is needed to substantiate
trophic interactions between hake and pelagic gowithin this system.

Variations in bott*°N and&**C can occur between benthic-pelagic production (eakaiet
al., 2002; Nguyeret al, 2011) and between coastal and offshore wateréef\t al. 2008).

From multiple linear regression results of hak® values (within-species), no effects of depth
(shelf-slope proxy) or latitude were observed, eatt@r accounting for size. This result suggests
that baseliné™N values probably did not vary enough to be exgess higher trophic level
organisms. Other evidence supporting spatial hom&igyeof isotopes is that very intensive and
persistent upwelling in this region can push neaneslipwelled water >150-200 km offshore
(Duncombe Rae 20053nd that nearshore-offshaEN ands**C measures of surface sediments
off Namibia have been shown to be relatively camsfimm the shelf to as far as >150 km
offshore (Holmest al. 1998). Holmes et al., 1998nd Pichevin et al., 20Q0%owever, did
observe progressively more enrict&tN values in surface sediments from the northergeaf
my study southward to Liideritz (averadaN ~ 2.0 %o higher). To what extent this differenne i
8™N is integrated in the food web from the northerstrarea of my study is difficult to

ascertain, and it would require more detailed exation of the trophic spectrum from that
region. Therefore a caveat in this study is thesjpilgty that relative trophic positions of certain
prey species (Table 1) to that of hake and sewtiair taxa may differ in the northern range of
my study area.

From&*3C values of both hake species, oklycapensiexpressed a significant increase with
size and after accounting for size and compariognfthe same total depths of collection, on
averageM. capensiexpressed more enrich&fC values (Fig. 3.3). The large range3biC
values has commonly been attributed to a respeitikeence from benthic and pelagic
production in marine systems (e.grance, 1995; Hobson et al., 1995) but also asdinator of
near shore (enrichédC) and offshore production (e.g., Millet al, 2008; Kline, 2009). The

two hake species exhibit well known shelf-slopérthations whereéM. capensig‘shallow

32
© J.A litembu 2013 ® Rhodes University 2013



water’ Cape hake) resides predominantly on thef shataters 150-450 m depth (Biandatial.
1999), withM. paradoxug‘deep water’ Cape hake) existing further off ginelf-slope (>400 m
depth, Lloriset al.,2005). Given Holmes et al. (1998) measurement®$tans *C in surface
sediments 150-200 km offshore of Namibia, and ghmaeent lack of within-species trend of
813C with depth in hake (Fig. 3.2), the species-sjedifferences i5**C may be more
attributed to their proximity to benthic productiorhat is, shallow water hake live in closer
proximity to the benthos and therefore have a graatative dependence on benthased
production thaM. paradoxuswhich is in deeper water and probably consume= mpelagic-
mesopelagic prey. The precise measuremedit’6tbased benthic and pelagic production is
difficult to obtain in this system because verythigowelling and primary production within the
region can create substantial deposition of pelpgiduction to sediments, which can be re-
suspended and reintegrated into both benthic alagjipgroduction. Evidence of this effect off
Namibia is the poor discrepancydh’C benthic and pelagic organisms (van der Bank 2011)
which benthic polychaetes and sediments were g¢quallower than thé**C values of pelagic
consumers within their study, but also from thasgorted here.

Relative to haké'*C values, thé**C signatures of prey were too constrained to aftow
assessment of sources with isotope mixing modatsuse carbon isotope only. Bdth
paradoxusandM. capensisre generalists and therefore are a mixture arde/prey from
nearshore-offshore and benthic-pelagic habitats.r&fative values from™N, however, were
useful in revealing the degree of trophic overlafhese species relative to the trophic position
of fish and invertebrate prelfuture studies may use the isotope informationihere a
benchmark for monitoring trophic shifts in the hann Benguela Current, which has
experienced significant shifts in nekton and zookian community structure over the last
several decades (Watermewgerl. 2008). It is interesting to note that #f€C values that |
measured in the overall food web off Namibia appeasiderably more enriched (less negative)
than those observed in other coastal food webs asitie continental shelves off Newfoundland
and Labrador (Sherwood and Rose 2005) and ssagtern Australia (Davenport and Bax 2002).
Enricheds'3C values can be indicative of a greater diatom-db@seduction in marine food webs
(Miller et al.2008) and my enricheit*C values correspond well with the very high degree

upwelling-driven diatom production off Namibia (Rernet al. 2002).
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CHAPTER 4: DIETARY CONTRIBUTIONS OF DIFFERENT PREY TO THE DIETS
OF HAKE (MERLUCCIUS CAPENSIS AND M. PARADOXUS) OFF NAMIBIA:
ISOTOPE MIXING MODEL APPROACH

4.1 Introduction

Predators can feed on the most abundant prey instin@oundings (Mesat al. 1994) or they
can choose specific prey from those available @dtdr and Wooldridge 1996). Feeding
ecology of exploited fish species has seldom beesidered in evaluating their population
dynamics in fisheries management (Jaworski and &agan 2006). General consensus has
emerged among fisheries scientists that fish fepdaology represents a major aspect of food
web linkages, and it warrants consideration whenaging fisheries resources (Gascetehl.
2005; Shannost al.2010)

The two species of hak&lérluccius capensiandM. paradoxuyare important predators in
marine waters off Namibia (Macpherson and Roel 18&&l and Macpherson 198&arly
attempts to look at their diets in the Benguelar@urecosystem indicated that hake feed on a
variety of fish and crustaceans (Assorov and Ka#ri979). Payne et al. (1987) reported that
crustaceans, mesopelagic fish and hake are theimpgitant in the majority of length classes
of hake studied. In the marine waters off NamiBiagl and Macpherson(1988) described hake
diet as consisting of mainly small crustaceans, disd cephalopods. On the west coast of South
Africa hake fed mainly on crustaceans, with anchioeyg the dominant dietary item of juvenile
M. capensisa reflection of the increased availability of aoeh at the time of the surveys (Punt
et al. 1992). At sites abundant in zooplankton, hakepiederentially on large crustaceans
[amphipods, euphausiids and shrifagiphaea semispinogawhile at a site dominated by
recruits of anchovyEngraulis capens)sthe hake were almost exclusively piscivoroudgPi
and Barange 1993).

On the south coast of South Africa, fish remainkake stomach contents accounted for 92%
of prey by mass, 5% for crustaceans and 3% foralephds, contrasting with that documented
for the West Coast of south Africa (Pillar and Wikkon 1995). For small hake, especidfly
paradoxuseuphausiids were consumed more frequently in semaimd mesopelagic fish were
of more dietary importance in winter, with hake-wake predation a more prominent feature in
M. capensigPillar and Barange 199./Macpherson and Gordoa (1994) observed that i Mrg
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capensiscannibalism is not related to the density ofghmll conspecifics, nor to the density of
alternative prey, but rather that large hake hadetary preference for small conspecifics. The
most recent study of hake diet off Namibia, indechthat crustaceans and cephalopods were of
minor importance compared to fishMh capensisbut they contributed relatively more to the
diet of M. paradoxugTraut 1996). The same study also found hake wasra important prey
item for M. capensighan forM. paradoxus

The above cited studies showed that the relatiyportance of prey in the diets of the two
hake species varies both seasonally and geogrdighidae opportunistic nature of hake
feeding, which changes with prey availability, daymajor role in determining contributions of
prey to their diets. The use of stomach contenlyaaa in studying these dynamics however,
highlighted the difficulties in relating results fefeding patterns of hake from different time
periods and locations.

The increased use of stable isotoé3\ ands*C) in trophic research (Taket al.2007;
Stowasseet al. 2009; litembuet al. 2012) has led to the development of isotope mixioglels
(Phillips and Gregg 2003; Parnetlal. 2010). These mixing model approaches are baséukeon
idea that a predator’s tissues are an isotopicurextf its dietary sources and can indicate the
proportional contributions of these sources taligt (Phillips and Gregg 2003; Parnetlal.
2010). Feasible contributions of different preyhe isotopic mixture of the predator’s tissues
have been used as a proxy of their dietary corttdbs (Boyleet al. 2012; Hopkins Il and
Ferguson 2012; Quevead al. 2012). Results from mixing models reduce biases@ated with
stomach content analyses because of the use oatichepace-integrated isotopic data (Layman
and Allgeier 2012).

This study contributes to the research effortsmafarstanding the contributions of different
prey to the hake diet off Namibi&i( capensisandM. paradoxu} | used an isotope mixing
model to determine the feasible contributions @fyo the isotopic mixture of hake and
assessed how it varied with fish growth (lengthjypothesized that the temporally integrated
dietary representations of the two species digtsinilar, given that they both feed on small
fishes and crustaceans.
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4.2 Methods and materials

4.2.1 Field sampling
All hake and prey samples were collected duringlkelbiomass survey as described in

Chapter 2, section 2.1.

4.2.2 Laboratory analysis

All hake and prey samples were measured ¢ ands*°N at IsoEnvironmental CC
Laboratory at Rhodes University (Grahamstown, Sédtita) as described in Chapter 2, section
2.2.1. The relative trophic positions of all thesies were calculated as describe in Chapter 2,

section 2.2.1.

4.2.3 Statistical analysis

Mean isotopic composition and its standard devia{®D) were calculated for hake species
(M. capensisandM. paradoxuand their prey. The significance differences agwnN and
83C values of the prey species were investigatedguminanalysis of variance (ANOVA) test
with a Tukey HSD (Tukey Honest Significant Diffeoenpost hodest to perform multiple
comparisons. Data were examined for normality asrddgeneity of variance using a Shapiro—
Wilk and Levene test. Violations of homogeneity admality were addressed through log
transformations. A Bayesian stable-isotope mixiragled, termed Stable Isotope Analysis in R
(SIAR) (Parnellet al.2010),was used to obtain the feasible contribgtimirthe different species
to the isotopic signatures of the two hake spgdie<apensigand M. paradoxus Isotopic
signatures and fractionation together with the wagaties of these values were included in the
model (Parnelet al. 2010). By defining a set of N mixture measurementd isotopes with K
source contributors, the mixing model is expredseBarnellet al. (2010) as:

Y. = Yk _1 Pr(sjk+cji)+€jk
ij = 3 :
Zk_lpkq]k

Sjk ~N(n“jk' wjzk)
Cie~N (A The)

&;j~N(0,07)
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X;j = observed isotope value j of the consume, i source value k on isotope j; normally
distributed with meap ;,and varianca)jzk, Cjx = fractionation factor for isotope j on source k;
normally distributed with mea#y, and variancejzk, P,.= dietary proportion of source k
(estimated by the model),;, = concentration of isotope j in sourceck; = residual error,
describing additional inter- observation varianoé aescribed by the modaialhdaj2 is estimated
by the modelA detailed description of this model can be foumdParnell et al. (2010) and
compared to other mixing models in Galva et al1@0

The fractionation factors of 3.2 +1.28%. N (Sweetinget al. 2007b) and 1.56+1.10%. for
83C (Sweetinget al. 2007a) were used. bddition to a number of hake prey species (seesTabl
4.1),hake M. capensisandM. paradoxu} of <40 cm were also used as prey to account for
cannibalism. The number of prey were chosen basedoounts of published hake stomach
content results (Payret al. 1987; Roel and Macpherson 1988; Traut 1996). Théaihwas run
using R package SIAR (R Development Core Team 20iE2na Austria).

4.3 Results

4.3.1 Isotopic characteristics of the prey

Samples from 299 individuals of fish, 16 marinecspg were analysed to derive their stable
isotope ratiosq*°N ands**C). Crustaceans (5 species), teleost fish (9 speaiel cephalopods
(2 species) were used as prey for the two hakeesp€lable 4.1)Merluccius capensisizes
ranged from 18 cm to 69 cm, whil& .paradoxussizes ranged from 22cm to 65 cm. The prey
species sizes ranged from the smallest crustageapbausiidsof 4 cm to a teleost\ezumia
micronychodonpf 24 cm. Among the prey considered, a tel¢Nstmicronychodophad the
most enriche@ N (14.87%o), whileC. agazizhad the most depletéd®N (9.84%o) (Table 4.1).
The prey relative trophic levels ranged from 1.80G. agazizito 3.4 forN. micronychodon
(Table 4.12).

To determine whether isotopic signatures were idifftamong potential prey, two ANOVA
were run (one for nitrogen and one for carbon)pfeéd by Tukey HSpost hodests to
identify any specific differences. There was a igant difference among specigs®N
(ANOVA, p < 0.05, F (17,131) =8.81). In term&FN, N. micronychodomvas significantly
different from all the prey species (p<0.0Bpigonus denticulatugas significantly different
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from Funchalia woodward{p<0.001), euphausiids (p<0.0Gi)dPlesionika martigp<0.001).

Euphausiichitrogen signatures were significantly differerdrfr those oEmmelichthys nitidus
nitidus (p=0.003) Phosichthys argenteg=0.03)andParacallionymus costatye=0.009) and
Plesionika martiavas significantly different from small hake (p=02), P. costatugp=0,001),

P. argenteugp=0.007)and Todarodes sagittatugp=0.03).

There was a significant difference among spe&E< (ANOVA, p < 0.05, F (17,131)
=2.66). In terms 08"°C of prey species, @apensisiad the most enrichéd>C (17.84%.) while
P. argenteutiad the lowess**C (13.96%.) (Table 4.1). ANOVA followed by a Tukey H$iDst
hoctest indicated that. capensisvas significantly different fronf. woodwardi(p=0.013)E.
denticulatugp<0.001) E. nitidus nitidugp=0.001),euphausiids (p=0.002nyctophids
(p<0.001) P. argenteugp<0.001),P. costatugp<0.001) P. martia(p<0.001)and small hake [
<15 cm p=0.008)]. Myctophidsvere significantly different fronA. varidengp<0.001)P.
argenteus (P=0.02), F. woodwar(<0.001),Helicolenus dactylopteruy®<0.001),euphausiids
(p=0.01),N. micronychodoiip<0.001)andSolenocera african§p<0.001).Phosichthys
argenteusvas significantly different fromAristeus varidengp=0.02),N. micronychodon
(p=0.003) ands. africana(p=0.002) Plesionika martiavas significantly different frons.
africana(p=0.003).
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Table 4.1: Summary mean (£SD) values of nitrogen and carbalnlesisotopes of species from the study, with retspe sample
sizes(n), L (average lengtt¥)};°C, (lipid normalized) and standard deviation, C: Nas@nd trophic level (TL).

Prey categories Family Lcm)  &™N ot%c 8%, CIN TL
Crustaceans
Aristeus varidens Aristeidae 19 9 11.80 (1.05) -16.16(0.99) 3.15 725
Solenocera africana Solenoceridae 10 7 11.71 (1.09) -15.66 (0.07) 3.13.55
Plesionika martia Pandalidae 19 7 10.71 (1.09) -17.16 (0.94) 3.15 25 2.
euphausiids(krill) Euphusidae 16 4 10.91 (0.56) .9360.24) 3.28 233
Funchalia woodwardi Penaeidae 16 8 11.70 (1.70)  -16.58 (1.20) 3.15 425
Teleosts
Chelidonichthys capensis Triglidae 6 23 11.09(0.56) -13.96 (0.38) 3.25 293
Chlorophthamus agazizi Chlorophthalmidae 5 11 9.84 (2.72) -16.38 (0.73) 283 1.99
Emmelichthys nitidus nitidus Emmelichthydae 4 21 13.02(0.25) -17.23 (0.27) 3.48.22
Epigonus denticulatus Epigomidae 5 16 14.05 (0.19) -16.81(0.17) 3.23 3238
Etrumeus whiteheadi Clupeidae 8 20 12.67(0.33) -16.82 (0.02) 3.46 2.83
Helicolenus dactylopterus Scorpaenidae 4 15 12.20 (2.12) -16.09 (1.72) 3.12.69
myctophids Myctophidae 12 5 12.62(0.51) -18.997p.4 -15.60(0.48) 6.78 2.81
Nezumia micronychodon Macrouridae 24 14.87(0.60) -15.82 (0.44) 3.12 403.
Paracallionymus costatus Callionymidea 24 13.52(0.32) -17.43(0.62) -17009%) 3.71 3.04
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Table 4.1. continued

Phosichthys argenteus Phosichthyidae 11 17 12.83(0.78) -17.84(0.28) 3.08 2.87
Sufflogobius bibartus Gobidae 5 11 12.74 (0.45) -15.62 (0.32) 3.39 285
Synagrops microlepis Acropomatidae 26 9 10.21(0.84) -16.94(1.84) -10&Eg) 450 2.10
small hake (<15 cm) Merluccidae 10 12 12.41(0.28)16.73 (0.42) 323 274
M. paradoxus ( <40 cm) Merluccidae 26 33 13.06(0.64) -16.65(0.5) 3.20 429
M. capensis( <40 cm) Merluccidae 34 27 12.87(0.82) -16.62(1.0) 3.19 8238
M. paradoxus ( >40 cm) Merluccidae 26 48 13.57(0.42)  -16.58 (0.56) 3.31.103
M. capensis( >40 cm) Merluccidae 19 52 13.26 (0.74) -15.76(0.52) 3.23.023
Cephalopods
Todarodes sagittatus Ommastrephidae 2 44 12.79(0.88)  -16.70(0.24) 3.2B.86
Todaropsis eblanae Ommastrephidae 6 13 11.95(0.52)  -17.10(0.47) 3.43.61
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4.3.2 Prey dietary contributions

Feasible contributions of different prey to thetegic mixtures of the two hake species (all
size-pooled) showed dietary overlap between the ([aible 4.1). For both speci&s,
microlepiswas the highest feasible contributor to theirapat mixtures, with credible intervals
of 4.77-34.24 % and 4.04 -38.68% Mr paradoxusandM. capensisrespectivelyPlesionika
martia, C. agazizi myctophids and euphausiids had notable feasdsl&ributions to the isotopic
mixtures of the two species (Table 4.2). The cbntions of small hake (<15 cm) wered%
for M. paradoxusand 0- 6 % forM. capensisThe contributions of medium size hake (<40 cm),
as prey, averaged 1.21% tdr paradoxusand 1.6% foM. capensisThe contribution of small
and medium size hake represented cannibalism 6186 and 4%, fokl. capensiandM.
paradoxugespectively (Table 4.2).

The contributions of different prey species pegtarclasses indicated thRat martig C.
agazizj myctophids and euphausiids were dominant corttisuo both hake species (Tables
4.3 & 4.4). For hake in the 20-29 cm length clasgctophids contributed more than all other
prey (modal contributions of 6.72 % fot. capensisand 6.78 % for Mparadoxus)In all length
classes oM. capensismyctophids had higher modal contributions thampay, while forM.
paradoxudarger than 30 cn§ynagrops microlepigas the highest contributor to the isotopic
mixture.

In hake between 20 -29 cm, three crustacean spgtiesartia euphausiidsandF.
woodwardi)had modal contributions of more than 3% KbrparadoxusForM. capensispnly
P. martiaand euphausiidsad modal contributions more that 3% at 20-29 amgtle classes. Of
the cephalopodg,odaropsis eblanabad modal contributions of more than 3 % in thngyth
classes of 30-39 cm fdd. capensigand 20-29 cm foM. paradoxus

Helicolenus dactylopteruisad the widest 95% credible interval (Cl) of thdigtary feasible
contributions (0-11.18 %) fdvl. paradoxusn 20-29 cm length class. In 30-39 cm length ¢lass
myctophids had the widest Cl (0.0-15.92 %) whild@®49 cm length class,. @gazizihad the
Cl1 (0.0-17.68 %) and in >50 cm length classm&rolepishad the CI (0.00-10.70 %).
Myctophids had the widest CI of their feasible edmittions at all length classes Mt capensis
Small hakg<15 cm),M. paradoxug<40 cm)and M. capensié<40 cm)all had modal
contributions of around 1% in all length classesbioth species, with their upper level Cl around
9 % (Tables 4.3 & 4.4).
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Table 4.2: Mode, mean and 95 % credible intervals (Cl) offiel@ contributions of the prey

categories into the isotopic mixtureshf capensiandM. paradoxusrespectively; all sizes of

hake were pooled.

M. paradoxus M. capensis
Mode Mean 95% ClI Mode mean| 95 %Cl

Crustaceans Low High Low High
Aristeus varidens 0.63 1.82 0.00 4.83 049 2.24|0.00 6.79
Solenocera africana 0.59 1.48 0.00 3.98 0.79 2.08| 0.00 5.11
Plesionika martia 9.38 12.08 1.51 25.58 10.42 13.28| 0.94 23.55
euphausiids(krill) 9.26 7.77 0.00 16.80 7.70 7.76| 0.04 15.30
Funchalia woodwardi 0.83 2.50 0.00 5.72 0.72 3.37| 0.00 8.81

Teleosts

Chelidonichthys capensis 0.74 1.13 0.00 2.56 0.41 1.30| 0.00 3.63
Chlorophthamus agazizi 18.54 18.32 4.24 30.88| 13.92 15.71| 1.41 27.70
Emmelichthys nitidus nitidus 0.23 1.54 0.00 3.75 0.62 2.38| 0.00 6.77
Epigonus denticulatus 099 1.22 0.00 2.99 0.27 1.19|, 0.00 341
Etrumeus whiteheadi 054 1.70 0.00 4.80 0.80 2.08| 0.00 5.65
Helicolenus dactylopterus 0.46 1.36 0.00 3.78 0.32 1.74|, 0.00 4.91
myctophids 5.09 14.30 0.00 36.10 10.03 11.19| 0.17 22.76
Nezumia micronychodon 0.23 0.64 0.00 1.49 0.27 0.79| 0.00 2.13
Paracallionymus costatus 0.38 1.59 0.00 4.61 0.83 1.89| 0.00 4.99
Phosichthys argenteus 0.74 3.25 0.00 8.81 0.76 3.34| 0.00 8.65
Sufflogobius bibartus 0.19 1.03 0.00 2.37 0.32 1.29| 0.00 3.76
Synagrops microlepis 19.34 19.56 477 34.24 16.74 17.20| 4.04 28.68
small hake (<15 cm) 0.46 1.71 0.00 4.12 1.01 2.16| 0.00 6.16
M. paradoxus ( <40 cm) 0.25 1.20 0.00 3.38 0.36 1.61| 0.00 4.76
M. capensis( <40 cm) 023 131 0.00 3.28 0.40 1.67| 0.00 4.96

Cephalopods
Todarodes sagittatus 0.31 1.65 0.00 4.25 0.34 1.87| 0.00 5.31
Todaropsis eblane 0.64 2.85 0.00 7.69 1.07 3.86| 0.00 9.31
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Table 4.3: Mode and 95 % credible intervals (Cl) of feasitbatributions of the prey in the isotopic mixtumdM. paradoxusn
different length classes

M. paradoxus 20-29 cm 30-39 cm 40-49 cm >50 cm
Mode 95% CI Mode 95% ClI Mode 95% ClI Mode 95% ClI
Crustaceans Low High Low High Low High Low High
Aristeus varidens 1.22 0.00 9.44 1.04 0.00 9.79 1.04 0.00 9.76 1.17 0.00 9.63
Solenocera africana 1.42 0.00 9.22 0.91 0.00 9.03 092 0.00 8.88 1.08 0.00 9.38
Plesionika martia 5.49 0.00 10.69 6.63 0.00 13.84 6.73 0.00 16.03 6.21 0.00 10.46
Euphausiids(Krill) 454  0.00 10.26 3.98 0.00 12.75 6.37 0.00 14.83 512 0.00 10.23
Funchalia woodwardi 3.51 0.00 90.74 1.31 0.00 10.63 1.12 0.00 10.99 1.62 0.00 9.92
Teleosts
Chelidonichthys capensis 0.86 0.00 8.50 0.75 0.00 7.68 0.70 0.00 7.29 098 0.00 9.06
Chlorophthamus agazizi 4.22 0.00 9.71 6.05 0.00 14.06 6.94 0.00 17.68 6.33 0.00 10.65
Emmelichthys nitidus nitidus 1.54 0.00 9.24 1.11 0.00 9.97 1.04 0.00 9.52 194 0.00 9.55
Epigonus denticulatus 1.13 0.00 9.67 0.76 0.00 8.17 0.70 0.00 7.11 094 0.00 9.08
Etrumeus whiteheadi 1.19 0.00 9.23 1.05 0.00 9.68 095 0.00 9.21 1.33 0.00 9.50
Helicolenus dactylopterus 0.98 0.00 11.88 0.93 0.00 8.95 0.90 0.00 9.07 1.07 0.00 9.31
Myctophids 6.78 0.00 8.39 7.22 0.00 15.92 755 0.00 16.35 595 0.00 10.52
Nezumia micronychodon 0.92 0.00 9.66 0.59 0.00 6.50 049 0.00 5.36 091 0.00 8.2
Paracallionymus costatus 1.40 0.00 10.34 1.05 0.00 9.55 0.85 0.00 8.96 1.08 0.00 9.33
Phosichthys argenteus 4.57 0.00 8.89 1.60 0.00 11.55 1.34 0.00 11.04 153 0.00 9.87
Sufflogobius bibartus 1.06 0.00 10.76 0.77 0.00 7.90 0.74 0.00 7.23 0.85 0.00 9.04
Synagrops microlepis 5.59 0.00 9.58 7.32 0.00 14.70 8.11 0.04 17.82 6.21 0.00 10.70
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Table 4.3 continued
Small hake (<15 cm)
M. paradoxus ( <40 cm)

M. capensis( <40 cm)

Cephalopods

Todarodes sagittatus

Todaropsis eblane

1.01
1.10
1.42

121
3.15

0.00
0.00
0.00

0.00
0.00

9.32
9.25
10.30

9.53
10.08

1.12 0.00 9.79 0.96
0.96 0.00 8.89 0.87
1.05 0.00 9.08 0.91
1.08 0.00 934 0.83
1.58 0.00 11.20 1.97

0.00 9.72

0.00 8.33
0.00 8.57
0.00 8.74
0.00 11.50

1.23 0.00 9.50
1.04 0.00 9.21
1.97 0.00 9.20

1.76 0.00 9.25
4.09 0.00 9.84

Table 4.4:Mode and 95 % credible intervals (Cl) of feasilbbatributions of the prey in the isotopic mixturddvb capensisn

different length classes

M. capensis 20-29 cm 30-39 cm 40-49 cm >50 cm
Mode 95% ClI Mode 95% ClI Mode 95% ClI Mode 95% ClI

Crustaceans Low High Low High Low  High Low High
Aristeus varidens 1.00 0.00 9.86 1.05 0.00 941 133 0.00 9.30 1.08.00 0 9.32
Solenocera africana 1.03 0.00 9.03 092 000 874 098 0.00 8.95 0.96.00 0 9.09
Plesionika martia 6.34  0.00 13.69 567 0.00 1260 4.82 0.00 1130 35.90.00 12.38
Euphausiids(Krill) 5.66  0.00 12.70 486 0.00 11.98.48 0.00 10.80 568 0.00 11.31
Funchalia woodwardi 1.15 0.00 10.47 1.17 0.00 10.26 162 0.00 10.19 11.10.00 10.16

Teleosts
Chelidonichthys capensis 0.80 0.00 7.96 0.65 000 741 076 0.00 7.49 0.72.00 0 7.66
Chlorophthamus agazizi 5.10 0.00 13.96 3.82 000 11.83 396 0.00 1045 94.30.00 11.31
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Table 4.4 continued
Emmelichthys nitidus nitidus 1.14  0.00 9.68 114 000 992 | 1.16 0.00 10.20| 1.12 0.00 10.08
Epigonus denticulatus 0.81  0.00 8.22 094 000 892 113 0.00 9.26 0.99.00 0 8.93
Etrumeus whiteheadi 0.93 0.00 9.77 1.13 0.00 960 163 0.00 9.69 1.15.00 0 9.67
Helicolenus dactylopterus 1.00 0.00 9.15 0.91 0.00 9.28 1.03 0.00 9.1 1.09.00 0 9.18
Myctophids 6.72  0.00 14.48 7.31 0.00 16.02 7.24 30.112.96 7.38 0.00 1457
Nezumia micronychodon 0.64 0.00 6.68 0.72 0.00 738 093 0.00 8.14 0.78.00 0 7.65
Paracallionymus costatus 0.93 0.00 9.43 1.27 0.00 10.33 163 0.00 10,30 2.08.00 10.18
Phosichthys argenteus 3.72 0.00 10.96 5.27 0.00 1182 6.60 0.00 1105 65.20.00 11.13
Sufflogobius bibartus 0.92 0.00 8.21 0.78 0.00 818 084 0.00 8.47 0.89.00 0 8.45
Synagrops microlepis 6.61 0.00 14.33 6.32 0.00 13.30 5.02 0.00 1117 85.50.00 12.45
Small hake (<15) 0.99 0.00 9.87 1.13 0.00 9.9 1.0200 9.84 1.19 0.00 9.79
M. paradoxus ( <40 cm) 0.96 0.00 8.76 094 000 922 105 0.00 9.38 0.99.00 0 9.26
M. capensis( <40 cm) 0.97 0.00 8.97 1.00 0.00 922 1.03 0.00 954 0.89.00 0 9.34
Cephalopods
Todarodes sagittatus 0.98 0.00 9.15 093 000 935 120 0.00 9.61 1.06.00 0 9.34
Todaropsis eblane 1.37 0.00 11.42 475 000 1096 1.48 0.00 1035 9 2.00.00 10.66
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4 .4 Discussion

Studies of feeding ecology of the two species &Eh®. capensi@andM. paradoxu¥in the
Benguela Current region have previously been dsimgistomach content analyses (Pagnal.
1987; Roel and Macpherson 1988; Traut 1996). Estisnaf hake feeding using gut contents are
imprecise in identifying the relative contributioofdifferent prey because of the opportunistic
feeding behaviours of hake (Pwettal. 1992), and the natural variability associated \pitky
densities (Macpherson and Gordoa 1994). In thidystuutilized stable isotope mixing models
to assess the contributions of different prey wiffotopic mixture of each hake species. The
temporally-integrated estimates of their diets frmyresults differed from those of previous
data derived from stomach content analyses, wippleared to have overestimated the
contributions of certain prey to the diets of hake.

Potential prey collected consisted of small fislustaceans and cephalopods identified in
previous studies incorporating stomach contentyageal (Paynet al. 1987; Roel and
Macpherson 1988; Traut 1996). Prey sizes ranged fine smallest crustaceans (euphaugsofls
4 cm to a teleostN. micronychodondf 24 cm. The range was chosen to cover the satectin
potentially be eaten by hake of different sizegray choices by predators in marine ecosystem
are influenced by the size of the prey availablehé®fet al. 1998; Emmerson and Raffaelli
2004).

Among the preyN. micronychodomad the most enrichéd®N (14.87%o), indicating that it
feeds at a higher relative trophic position toagitler prey collected in this study. The estimated
trophic position ofN. micronychodomf 3.4 was higher than the average estimated fgetd.
paradoxusandM. capensigTable 4.1). It is possible thit micronychodonheing the largest
prey, is too large to be consumed by the two hpkeiss. However, fish from the Macrouridae
family have been found in hake stomachs (Roel aadgflerson 1988), and the feeding range of
some hake species (eMerluccius gay)included prey more than half their length (Komehi
1983).Chlorophthamus agazihiad the most depletéd®N (9.84%o), with an estimated trophic
position of 1.99.

In terms of5*3C, C. capensifiad the most depletétC (-17.84%0) values, and it represented
the pelagic and off-shore ecosystem, as benthimeadshore species have more enricfiéd

values relative to those from pelagic and off-shereéironments (France 1995Phosichthys
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argenteusyith the most enrichetfC (-13.96%o) values, represent species from the be/nidar
shore environment (Milleet al. 2008). Although the difference™fiC provided evidence of
habitat related carbon source (phytoplankton vsthie primary production) separation '€
values of prey, some of the variations can be fiiprd content (Post et al., 2007), and
geographical differences in plankton biosynthesi$ metabolism (Rau et al., 1989). The ranges
of preyd™N in this study therefore represented multiple hiopositions, while theis**C

ranges represented diverse basal resources.

Some prey were not statistically different fromteather in terms of eithé>C ord*°N. The
similarities of3"*C and3*°N may be a result of mixing of cross-shelf and ldie waters
through upwelling, resulting in homogeneous mixtiréood sources available to the various
prey. Holmes et al.(1998) observed little chang&ia ands*°N values in surface sediments up
to 200 km off shore. The similarities in the isatopalues among prey may present a problem,
as different combinations of prey species can predhe same isotope signatures. However, the
ability of the SIAR model to incorporate variatioofsisotope values reduces the impact of
overlapping or similar isotope ratios of prey (Rdret al. 2010).

Feasible contributions of different prey to hakaapic mixtures (all sizes-pooled) showed
that the two hake species’ diets overlapped. Thigioned the findings of previous studies
using stomach contents (Payeteal. 1987; Roel and Macpherson 1988ynagrops microlepis
was the highest feasible contributor to both speisietopic mixture, with credible intervals of
4.77-34.24% and 4.04 -38.68% fdr paradoxusandM. capensistespectively (Table 4.2).
These specific results contrast the previous figsliobtained using stomach content analyses,
which indicated that crustaceans were the main footloth species (Roel and Macpherson
1988). The differences could be a result of thep@mally-integrated nature of isotope data, in
which signatures are assimilated over a longeppdiaines 1976; West al. 2006), as
opposed to gut contents which are ‘snap shotecémt feeding (Paine 198®lesionika martia
C. agazizi myctophids and euphausiidiso made considerable contributions to the dietiseo
two hake species. Results in my study indicatetlttteadiets of the two hakes were not
dominated by a single taxon, i.e. fish, a findingikar to that based on gut contents (Roel and
Macpherson 1988). Cannibalism accounted for lems 8% and less than 4% in the diet$/of
capensiandM. paradoxusrespectively (Table 4.2). The greater degree ohitelism inM.
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capensiconfirms patterns observed by Traut (1996). Thenitmlism estimates from most
studies utilising gut contents(Roel and Macpherk@88; Macpherson and Gordoa 1994; Traut
1996) were, however, much higher than my own esésaannibalisis possibly
overestimated bgtomach contents analyses. The two hake specias inogreat numbers in the
marine waters off Namibia (Burmeister 2001). Praich characteristics such as local densities
of hake at the times of feeding (Benoit-Betal. 2013) can, therefore, bias their contributions to
overall diet. Paynet al. (1987) also concluded that much of the feedingpistrue cannibalism
because adull. capensideed largely on smaM. paradoxusvhere the latter co-occurs in great
numbers

The contributions of prey to the isotopic mixtuocé$ake (sizes-pooled) might not reflect
their correct dietary representations, as fishifeggdatterns change during growth (Persson and
De Roos 2003; Emmerson and Raffaelli 2004). Thegmentix trophic shift of hake species
(litembuet al.2012) can result in different prey contributionshwdifferent size classes, which
necessitated the separation of hake into diffdesgth classes. The contributions of different
prey to different length classes of hake indicaked for both specie®,. martig C. agazizj
myctophids and euphausiids are dominant contrisufordings similar to those of the pooled
size classes for hake. For small hake (20-29 criyigtophids contributed more than all other
prey, with modal contributions of 6.72 % fek. capensiand 6.78 % for Mparadoxus
Myctophids had higher modal contributions tharo#ifler prey to all length classeshf
capensiswhich differ from Roel and Macpherson's (1988) ing$ of myctophid feeding
decreasing with hake lengtiyctophids were dominant only M. paradoxudess than 30 cm,
while in large onesS. microlepishad the highest modal contributions to their ipatanixture.
The dietary differences between the two hake spexie also shown by the 95% CI, wher#in
paradoxusof the 20-29 cm length cladd, dactylopterusad the widest CI (0-11.18 %). M.
paradoxusbetween 30-39 cm, myctophids had the widest @{8.92 %). In the 40-49 cm
length class oM. paradoxusC. agazizihad the widest feasible co-contributions (0.0-8 24,
while in M. paradoxuf >50 cmS. microlepishad the widest CI (0.00-10.70 9%J)erluccius
paradoxusappears to feed on more diverse prey in compatgsbh capensisand the
importance of prey changed as they grew in lerigilctophids had the widest Cl in all length
classes oM. capensisindicating their importance to the dietMf capensis
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Contributions of crustaceans to the diets of hakiecated that, in the 20 -29 cm length class,
F. woodwardiwith P. martiaand euphausiids had modal contributions of maoza 8% forM.
paradoxusFor M. capensi®f the same size, onR. martiaand euphausiids modal
contributions of more than 3%. The above dietamtioutions shows that while the smaller
hake species are isotopically indistinguishablerfibuet al.2012), they differed in terms of
dietary contributions of prey species. It is poksibr two species feeding on different prey to
have similar stablesotope signatures, especially if the prey consuh@aa similar isotopic
signatures (Thomsoet al. 2012)

Payne et al. (1987) found cephalopods were impboftaxl for hake from a length of 50 cm
in the west coast of South Africa. In my study, tedmutions of cephalopods to the diets of both
hake were very low, not exceeding 3 % in many eflémgth classe3.odarodes eblanakead
modal contributions of more than 3 % to the lergésses of 30-39 cm fdd. capensigand 20-

29 cm forM. paradoxusincreased cannibalism has mostly been reportedger hake (>60 cm
total length) (Macpherson and Gordoa 1994), althazannibalism by. capensisvas observed
in small (10-20 cm) hake (Pillar and Wilkinson 1995mall hakg<15 cm),M. paradoxug<40
cm)andM. capensig<40 cm)all had modal contributions of around 1% at albfgnclasses for
both hake species, with their upper level Cl aro@¢d

While the model provided a time-integrated vieviref contributions of different prey to the
hake diets, the consumption of any prey is als@dédent on the prey biomass available to hake.
The biomass of the prey used in the model werele@rmined, therefore a prey biomass survey
will help to make inferences on how the prey adébe dynamic of the hake diets and
population. The prey biomass survey results colsld then be used with isotope mixing models
to make inferences on the importance of partiqoitay to the diet of hake.

The model used (SIAR) allowed for robust dietarysons of hake species to be derived as
the consumer mixture and putative prey items ascesyParnelgt al. 2010). Although | am
confident in my findings because of the putativeureof the prey used, an increase in sample
size of prey would help increase the precisiorhefrnodel output. Isotope mixing model like
SIAR have a number of important limitations as thayction on the assumption that all sources
are equally available, source parameters are knweyohic fractionation or discrimination is
estimated without errors, and that isotope ratiesuacorrelated and they do not allow the diet
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proportion vector to depend on covariates, sudings (Parnelket al. 2010; Galvaet al.2012)..
The findings of mixing models are also limited by uncertainties associated with the
fractionation factors which are assumed and thmjso turnover rates which are not known for
both hake species. Future research should theriefous on determining the species-specific
fractionation factors and isotopic turnover raiasthe two hake species and their major prey.
Accurate use of fractionation factors and turnaeées are crucial for quantitative diet estimates
from mixing models to help direct future researold anprove parameters (i.e. natural mortality)
for stock assessment models. Efforts have been tnadelude as many prey of hake based on
published gut content results (Pawteal. 1987; Roel and Macpherson 1988; Traut 1996) in the
model. The inclusion of many hake prey was domedoice the effect of missing source biases
(Parnell et al. 2013); however because of the caitipoal nature the models results dietary
contribution estimates were limited by the constmh constraint (Aitchison 1986; Kucera and
Malmgren 1998). Future modelling studies are neédecplore ways in which the feasible
contributions of different sources are allowed égowindependently in the models. The
application of additional independent techniqueadsess hake diets such as fatty acids (Chapter

5) will also further refine our understanding o leeding dynamics of hake species.
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CHAPTER 5: DIETARY RELATIONSHIPS OF CAPE HAKE ( MERLUCCIUS
CAPENSISAND MERLUCCIUS PARADOXUS) OFF THE COAST OF NAMIBIA:
FATTY ACID SIGNATURE APPROACH

5.1 Introduction

Alternative approaches for detecting dietary relahips among marine organisms like DNA,
protein etc., have been explored by ecologistsh@land Bulman 1987; Garrison and Link
2000a; Robbinst al. 2005; Caspeet al. 2007; Barnetet al. 2010). Fatty acid (FA)
compositions are widely used as biochemical digtagers in different aquatic ecosystems
(Graeveet al. 1994; Saiteet al. 1999; Dalsgaardt al. 2003; Robiret al. 2003; Arnouldet al.

2005; El-Sabaawet al.2009; Hauberét al.2011). FAs are needed by fish as an energy source
for growth and reproduction (Fraser and Sargen®1Parrish 2012). They have been used to
study plankton trophodynamics (Rossial. 2006; Richoux and Froneman 2009); to distinguish
differences in the diets of the sea lamprey (Latgd. 2011); to link the utilization of plankton
biomass to enhanced condition of juvenile cod ¢8hJand Lund 1996); to examine the degree
of interspecific and intraspecific variability ilAFprofiles among prey of fish and maero
invertebrates (Czesret al.2011); and to understand the foraging patterme®thGadus
morhuaKirsch et al. 1998).

The basis of the method is that the primary prodtibave distinctive FAs that can be
accumulated in consumer tissues (Kirstlal. 2000; Dalsgaardt al.2003; Brettet al. 2006).

FAs from primary producers can be incorporated n&otral lipids of consumers with few
modifications (Dalsgaaret al. 2003). Some FA profiles are specific to certaieypgroups
(Dalsgaarcet al. 2003) and can be used to investigate their inftasron predator diets (Brett

al. 2006; Pethybridget al.2011). Neutral lipids in higher consumers refigety sources more
accurately than polar lipids (Jezyk and Penicna@61®arrisket al. 1995; Ruesst al. 2004).

Total FAs of prey can be compared to neutral FAgretlators, as most predators consume their
prey whole (Kirsctet al. 1998; Dalsgaardt al. 2003). However, consumers can selectively
metabolize some FAs, therefore FAs can only be aseglalitative and semi quantitative

trophic biomarkers (Dalsgaaed al. 2003).
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The diets of hakeM. capensi@ndM. paradoxushave been studied using stomach content
analyses (Paynet al. 1987; Roel and Macpherson 1988). Although thishoetprovided
important information on hake diets, it has unaabid biases (See Chapter 1). Biomarkers like
FAs which get passed on from food sources to tedgior tissues present an alternative
approach (Dalsgaaset al. 2003; Schmidet al. 2006). Previous studies using lipids (total lipid)
indicated that in pre-spawning hake there is ag¢ang forM. capensido store fats of higher
unsaturation thaM. paradoxugWessels and Spark 1973). At the larval stage, tatkéFA
compositions changed with the developmental st@getéet al.2011).

In this study, | contribute to the research effoftsinderstanding the dietary relationships of
M. capensisandM. paradoxusausing time-integrating trophic data. | assessethdy variations
(inter- and intra-specific) of hake and their asstbans with potential prey using FA profiles. |
hypothesized that 1) the two hake species feedhafas prey so they have indistinct FA
profiles, 2) there are temporal differences indlets of the two hake species because of natural
variations in prey availability, and 3) the tota Bignatures of hake prey are reflected in the
neutral FA compositions of the hake. The hypothesis assessed irrespective of the size of the

predators (hake).

5.2 Methods and Materials

5.2.1 Sample collection
Hake samples were collected during a hake sunanu@ly 2011) and a monkfish survey
(December 2011), as described in Chapter 2, se2tlorPotential prey were collected in

December 2011 during a monkfish survey as desciib&thapter 2, section 2.1.

5.2.2 Laboratory Analysis
Fatty acid analyses were performed as describ&hapter 2, section 2.2.2

5.2.3 Statistical analysis

Fatty acid data were expressed as percentages tiftti fatty acids (% TFA). To evaluate
the species differences and/or similarities, norapeetric and parametric multivariate analyses
were conducted on FA data of hake and some pok@nég. A non-parametric multi-
dimensional scaling (hMDS) ordination (Euclideastance) was used to examine the relative
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similarities of hake neutral FA and to identifytlie total FA profiles in potential prey resemble
the neutral FA profiles of the two hake species $tiess value was used as a measure of model
goodness-of-fit to data. One-way analysis of sintiigANOSIM) based on Bray-Curtis
distances (Clarke and Green 1988; Clarke 1993)used to test differences in FA profiles
among the species and between collection periodsdiidber and January). ANOSIM’s R-
values were used to indicate the level of simyanthile the p-values were used to estimate the
probability to which the test statistics were gated by random chance. Where a significant
difference was detected, the contributions of irtilial FAs to dissimilarities between hake
species were assessed using similarity percen8&lyfPER) analysis. To include less common
FA that may be informative as trophic biomarkershi@a multivariate analyses, the non-
parametric methods (nMDS, ANOSIM and SIMPER) useis @f all detected FAs
(untransformed). Non-parametric multivariate anadysere done using PAST software, version
2.17 (Hammeet al. 2001).

Parametric multivariate analyses were conductatusiost abundant FAs to minimize
effects of variations from minor FAs and to redueeations that might be artefacts of
laboratory procedures. Multivariate analysis ofiaace (MANOVA) was used to assess if the
two hake species had similar neutral FA composstiamd to examine the temporal differences
of hake neutral FA compositions. Significance of NlBVA was evaluated with Wilk’&.
MANOVA identifies the differences in FA compositrbut does not reveal which FA
contributed most to the observed differences. Digoant analysis (DA) was used to identify
which FAs contributed most to the observed diffeeen The predictive ability of identified FAs
was further tested with DA by assessing succeesofats group classification.

The parametric multivariate methods (MANOVA and D&yjuire that number of samples
must exceed the number of variables to offer sassarance that the covariance matrices are
homogeneous (Stevens 1986). FAs were thereforeetinio the eleven (Table 5.1) that were
detected in amounts >1 % in at least one hake epemnd during both sampling periods. Data
transformations were done to meet the requiredivaniate normality. Normalization was
performed by centered legtio transformation (Aitchison 1986) to avoid tenstant sum
constraint and to allow individual FAs to vary ipgadently (Kucera and Malmgren 1998). The
centered logatio transformation was done according to theofeihg equationx;} =
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In (%) (Aitchison 1986), where},: transformed sample, = proportion of the'] fatty acid in

l

theit"sample angj; is the geometric mean. Prior to transformationunding error (0.05 %)
procedure was used (Aitchison 1982) for all thegén the data set. The value of zero was fixed
to 0.05% for each FA to allow for centered logaatansformation (Fret al. 2000). Parametric
multivariate analyses were carried out with SPS8sfen 20, SPSS Inc., Chicago, IL, USA).

5.3 Results

5.3.1 Hake neutral FA profiles

A total of 110 samples of hakBl( capensiandM. paradoxusyvas analysed for neutral FA
composition.Thirty-four FAs, ranging from 14 to 24 carbon atoim$ength, were identified
from the samples (Appendiy.IEleven FAs were present in amounts of more th@nid at least
one species and both sampling periods (Table BhE) two species had more polyunsaturated
fatty acids (PUFA) than monounsaturated fatty adulldFA) and saturated fatty acids (SFA)
(Fig.5.1). SFAs were dominated by palmitic acid:(16MUFAs were dominated by oleic acid
(18:1(n-9)), while PUFAs where dominated by docesalenoic acid (DHA, 22:6(n-3)), for both
species and collection periods.
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Figure 5.1: Average saturated fatty acids (SFA), monounsadrttty acids (MUFA) and
polyunsaturated fatty acids (PUFA) compositionha&f two hake species during (a) January
2011, and b) December 2011, with standard erra. bar

5.3.2 Hake neutral FA interspecific and intraspecit variations

5.3.2.1 Non-parametric multivariate analyses resudt

The n-MDS plot (Fig. 5.2) showed little overlap\weenM. paradoxusandM. capensis
during January 2011(stress = 0.05), while thereawelsar separation between them during
December 2011 (Fig 5.3, stress = 0.12). ANOSIMdatid thaM. capensisvas not
significantly different fromM. paradoxusn January 2011 (R=0.05, p=0.17). There was a
significant difference betwedvierluccius capensiandM. paradoxuscollected in December
2011(R=0.10, p<0.001). SIMPER analysis showedttiae FAs (in decreasing order of
importance: 22:6(n-3), 18:1(n-9) and 20:5(n-3))lakped 52 % of the dissimilarities in
December 2011 (Table 5.Merluccius capensisollected in January 2011 was significantly
different from that collected in December 2011(R&, ® < 0.001), with 22:6(n-3), 16:0 and
18:1(n-9) being the dominant contributors to thféedences (SIMPER, Table 5.Nlerluccius
paradoxuscollected in January 2011 was also significanifiecent from those collected in
December 2011(R= 0.91, p<0.001), and three FAddaneasing order of importance: 22:6(n-3),
16:0 and 18:1(n-9)) were the dominant contributorthe differences (SIMPER, Table 5.3).
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Figure 5.2: nMDS output of hake neutral fatty acids colleateding December 2011 (Stress = 0.05)
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Figure 5.3: nMDS output of hake neutral fatty acids colleateding January 2011 (stress = 0.12)
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Table 5.1: SIMPER summary of fatty acids accounting for 90Rthe dissimilarity between the
tissues oM. capensi@andM. paradoxusollected in December 2011.Values are average
dissimilarities (Av.dissim), contributions to thessimilarities (contr.%), cumulative
contributions to the dissimilarities (cumulative 8#)d their abundances in the two hake species
(proportions %).

Proportion (%)

FA Av. dissim Contrib. % Cumulative % M. capensis M. paradoxus
22:6(n-3)  4.777 23.44 23.44 22.2 27.8
18:1(n-9)  3.582 17.58 41.02 14.7 17.6
20:5(n-3)  2.399 11.77 52.79 12.5 9.81
16:1(n-7)  1.298 6.368 59.16 2.59 1.34
16:0 1.286 6.308 65.47 20.2 20.4
20:1(n-9)  1.253 6.147 71.62 4.45 4.89
22:1(n-9) 1.078 5.29 76.91 2.94 2.47
18:0 1.049 5.145 82.05 6.26 5.24
18:1(n-7) 0.6182 3.034 85.09 3.56 2.73
14:0 0.5554 2.725 87.81 2.23 1.45
20:4(n-6) 0.4312 2.116 89.93 2.21 1.94
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Table 5.2: SIMPER summary of fatty acids accounting for 90Rthe dissimilarity of\.
capensidissuesollected between Janua2011 and December 201Malues are average
dissimilarities (Av.dissim), contributions to thessimilarities (contr. %), cumulative
contributions to the dissimilarities (cumulative 8#)d their abundance M. capensigiuring the

two sampling periods (proportions %).

Proportion (%)

FA Av. dissim Contrib. % Cumulative % Jan 2011 Dec 2011
22:6(n-3) 18.26 21.42 21.42 2.58 22.2
16:0 17.17 20.14 41.56 1.72 20.2
18:1(n-9)  12.5 14.66 56.22 1.26 14.7
20:5(n-3) 10.6 12.43 68.65 1.1 125
18:0 5.399 6.333 74.99 0.441 6.26
20:1(n-9) 3.858 4.525 79.51 0.3 4.45
18:1(n-7)  3.017 3.5639 83.05 0.311 3.56
22:1(n-9)  2.699 3.166 86.22 0.0216 2.94
16:1(n-7) 2.294 2.691 88.91 0.194 2.59
14:0 1.982 2.325 91.23 0.0941 2.23
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Table 5.3: Summary of fatty acids accounting for 90% of tresihilarity of M. paradoxus
tissuescollected between Janua®11 and December 201N\alues are average dissimilarities
(Av.dissim), contributions to the dissimilaritiesofitr.%), cumulative contributions to the
dissimilarities (cumulative %) and their abundamc®. paradoxusiuring the two sampling
periods (proportions %).

Proportion (%)

FA Av. dissim Contrib. % Cumulative % Jan2011 Dec2011
22:6(n-3)  21.37 26.51 26.51 5.4 27.8
16:0 16.09 19.96 46.47 7.2 20.4
18:1(n-9)  14.33 17.78 64.25 7.9 17.6
20:5(n-3)  7.733 9.594 73.85 3.36 9.81
18:0 4.145 5.143 78.99 1.71 5.24
20:1(n-9)  3.942 4.89 83.88 1.96 4.89
18:1(n-7)  2.293 2.845 86.72 1.64 2.73
22:1(n-9)  1.983 2.46 89.19 0.863 2.47
20:4(n-6)  1.545 1.917 91.1 0.772 1.94
22:6(n-3)  21.37 26.51 26.51 5.4 27.8
16:0 16.09 19.96 46.47 7.2 20.4

5.3.2.2 Parametric multivariate analyses results

Eleven FAs (Table 5.1), that were present in ansgreater than 1 % in at least one hake
species and in both sampling periods, were us#tkiparametric multivariate analyses. When
all the samples from both sampling periods werelined per species, MANOVA indicated that
there was a significant difference betweendslpensiandM. paradoxuseutral FA
compositions (Wilk'sk = 0.687, p<0.001). The DA indicated that 22:6(r(\8)lk’'s A=0.95,
p=0.02), 22:5(n-3) (Wilk's.=0.88, P=0.001), 20:1(n-9) (Wilk%s=.0.819, p<0.001), and 16:1(n-
7) (Wilk’'s 2=0.790, p<0.001) yielded the maximum discriminatdithe two species. DA
classified them with 69.5 % success rate. Sampées Wrther separated between the January
2011 and December 2011 collections.
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For January 2011, MANOVA indicated that there wasgaificant difference between neutral
FA compositions oM. capensi@ndM. paradoxugWilk’'s A== 0.464, p<0.001). The DA
indicated that 22:1(n-9) (Wilk's=0.737, p=0.001), and 18:0 (Wilkis=0.624, p<0.001)
separated the two species. The DA correctly class§0.5% of samples &4. capensiandM.
paradoxus.

Duringthe December 2011 sampling periddANOVA also indicated significant differences
between neutral FA composition lgf. capensiandM. paradoxugWilk's A = 0.578, p<0.001).
The DA indicated that 22:5(n-3) (Wilk’s=0.877, p=0.003), 22:6(n-3) (Wilks= 0.792,
p<0.001), and 20:1(n-9) (Wilk’s=0.725, p<0.001) yielded the maximum separatiotheftwo
species. DA correctly classified 78.6% of origiggduped samples.

There was a significant difference betw&éncapensisollected in January 2011 and
December 2011(MANOVA, Wilk’3.=0.49, p<0.001). DA indicated that 18:0 (Willi’s0.108,
p<0.001), 2:1(n-9) (Wilk's.=0.06, p<0.001) and 16:0 (Wilk’s=0.05, p<0.001) differentiated
M. capensisamples. The DA correctly classified 100% of sampio January 2011 and
December 2011 collections periods. There was agufisant difference irM. paradoxus
neutral FA composition between the two collectieniqpds (Wilk'sik = 0.21, p<0.001). DA
results indicated that only 22:6(n-3) (Wilkis= 0.27, p<0.001) yielded maximum
differentiations oM. paradoxudrom the two sampling periods. The model classifi8éb of the

samples into January 2011 and December 2011 doheoeriods.
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Table 5.4:Fatty acid (FA) compositions (mean%a=z standard dmna of the two hake speciell( capensisM. paradoxug during

the two collection periods. FAs that were presergmounts less than 1 % in one species or notmresboth sampling periods are

not shown (see Appendix 1 for the full list)

January 2011 December 2011

M. capensis M. paradoxus | M. capensis M. paradoxus

n=25 n=15 n=34 n= 36
Length range 16-57 cm 22-59 cm 24-69cm  27-54 cm
FA Common name
16:0 palmitic acid 19.44 +3.72 18.69 + 2.85 20.21+1.61 20.44+3.47
16:1(n-7) palmitoleic acid 218+1.22 2.25+1.40 2.59+2.63 1.34+1.91
18:0 stearic acid 551+1.39 454+1.26 6.26£2.07 5.23+1.68
18:1(n-9) oleic acid 12.26 £7.494.83 £ 5.95 14.70£5.11 17.57+6.84
18:1(n-7) vaccenic acid 3.47+£1.06 3.68+0.85 3.55+0.93 2.73%£1.23
20:1(n-9) eicosenoic acid 2.63+251 4041248 4.45+2.09 4.89+2.35
20:4(n-6) arachidonic acid (AA) 242 +0.80 2.16.47 2.21+0.92 1.94+0.62
20:5(n-3) eicosapentaenoic acid (EPA) 13.21+7.1685 &.3.00 12.52+3.66 9.81+4.02
22:1(n-9) erucic acid 0.19 £+0.54 1.49+1.70 2.94+2.14 2.46+1.69
22:5(n-3) docosapentaenoic acid (DPA).71 +0.76  1.27 £0.73 1.88+0.74  1.27+0.56
22:6(n-3) docosahexaenoic acid (DHA) 27.99 +9.834.92+11.59 22.1746.83 27.81+7.92
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5.3.3 Prey total FA profiles

A total of 58 samples of potential prey of hake w&aalysed for TFA composition (Table
5.4). The potential prey used were lantern bellyn@grops microlepisghortnose greeneye
(Chlorophthalmus agassizigape anchovyEngraulis capensispencil cardinalEpigonus
denticulatus)plackbelly rosefisi{Helicolenus dactylopterusflying squid(Todarodes
sagittatus) smalltooth grenadie@@Nezumia micronychodorgape dragngtParacallionymus
costatus)and pelagic gobySufflogobius. bibartus)hirty-four FAs, ranging from 14 to 22
carbon atoms in length, were identified from theypfTable 5.4). Most prey had more PUFA
than MUFA and SFA, only lantern bell§ (microlepiy had more MUFA than both PUFA and
SFA (Fig. 2). SFA were dominated by palmitic acié:0), MUFAs were dominated by oleic
acid (18:1(n-9)) and PUFAs were dominated by ddeesaenoic acid (DHA, 22:6(n-3) in all

prey.

BSFA OMUFA OPUFA
80

« & p b B R

% TFA

1zissebe D
sisuade?d ‘3
snye|nonuap '3
sniaydojfQ1oep ‘H
opoy2Auo.oIw
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snueqiq 's
sisdajoioiw 'S
snenbes ‘|

Prey’ species

Figure 5.4: Average saturated fatty acids (SFA), monounsatdrttty acids (MUFA) and
polyunsaturated fatty acids (PUFA) compositionpraly species, with standard error bars.
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Table 5.5: Fatty acid compositions (mean% + standard dewiatid potential prey of hake collected in Decemb@t 1

S.microlepis C.agasszi E. capensis E. H. T. sagittatus N. P. costatus S. bibartus
(n=3) (n=9) (n=14) denticulatus  dactylopterus (n=1) micronychodon (n=4) (n=5)
(n=6) (n=12) (n=6)
14:0 7.84+0.83 5.14+2.45 3.15+1.83 2.82+2.18 1.26+0.66 301 0.97+0.11 1.12+0.23  1.52+0.32
i-15:0 0.13+0.01 0.124+0.07  0.06x0.07 0.50+0.78 0.07+0.06  0.03 0.07+0.07 0.06+£0.07  0.08+0.08
15:0 0.29+0.03 0.314+0.13  0.33+0.22 0.47+0.22 0.43+0.18 0.44 0.49+0.23 0.67+0.14 0.61+0.17
16:0 15.60+13.53 15.29+11.50 19.20+12.805.25+10.43 21.74+2.35 25.14 21.79+1.39 20.92+2.08.98+2.97
16:1(n-7) 1.80+2.71 0.48+1.17 2.62+7.51 0.17+0.19 0.3310.66 0 0.12+0.18 0.11+0.22 0.84+1.31
i-17:0 0.30+0.06 0.30£0.15 0.18+0.16 0.65+0.33 0.4240.35 120 0.36+0.46 0.76+0.07 0.20+0.31
ai-17:0 0.09+0.01 0.09+0.06 0.08+0.09 0.31+0.22 0.16+0.26 0 0.21+0.33 0.18+0.22  0.29+0.33
17:0 0.48+0.06 0.62+0.18 0.93+0.28 0.731+0.21 0.63+0.27 530 0.80+0.52 1.21+0.32 1.06%0.56
17:1(n-7)  0.38+0.09 0.39+0.27 0.18+0.22 0.46+0.22 0.40£0.23 .080 0.29+0.25 0.48+0.79  0.18+0.20
18:0 4.14+3.59 3.2212.24 5.22+2.41 3.77+2.66 5.90+2.26 294 7.74+1.22 7.01+0.93 10.27+2.62
18:1(n-9) 25.92+15.08 15.07+£10.37 4.524+2.58 12.34+12.06 6523 1.21 3.68+1.36 2.75+0.10 5.76+0.65
18:1(n-7)  3.19+0.25 11.20+14.51 1.64+2.96 11.23+16.13 0.851. 0 0.00+0.00 0.00+0.00 0.04+0.10
18:1(n-5) 13.68+23.41 0.69+1.23 0.29+0.94 0.73£1.56 0.06+£0.11 0 0.07+0.17 0.10+0.12 0.05+0.12
18:2(n-6)  0.00+000 0.18+0.36 0.3310.64 0.14+0.37 0.32+0.50 0 0.23+0.57 0.00+0.00 0.56+0.81
18:3(n-6)  0.00+000 0.02+0.03 0.01+0.02 1.53+3.94 0.00+0.00 0 0.00+0.00 0.00+0.00  0.00+0.00
18:3(n-3)  0.00+£000 0.01+0.04 0.00+0.00 0.00+0.00 g4 0.00+0.00 0 0.00+0.00 0.00+0.00  0.00+0.00
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Table 5.5 continued

18:4(n-3)

20:0
20:1(n-9)
20:2(n-6)
20:3(n-6)
20:4(n-6)

21:0
20:3(n-3)
20:4(n-3)
20:5(n-3)

22:0
22:1(n-9)
21:5(n-3)
22:4(n-6)
22:4(n-3)
22:5(n-6)
22:5(n-3)
22:6(n-3)

0.46+0.06

0.37+0.05
4.70+4.15
0.18+0.02
0.01+0.02
0.63+0.08
0.08+0.09
0.04+0.06
0.57+0.06
5.53+0.59
0.24+0.03
3.26+0.37
0.00+000
0.04+0.06
0.00+000
0.18+0.02
1.63+0.18
8.25+1.00
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0.40+0.42

0.25+0.13
3.27+2.93
0.20+0.10
0.03+0.06
1.73+1.08
0.08+0.11
0.08+0.08
0.55+0.24
9.01+2.51
0.10+0.10
3.64+2.24
0.00+000
0.17+0.12
0.10+0.29
0.44+0.30
2.35+0.95

0.26+0.36

0.08+0.11
1.56+0.77
0.14+0.16
0.07+0.13
1.68+1.38
0.05+0.11
0.06+0.09
0.18+0.19
9.71+3.51
0.02+0.04
1.42+0.95
0.10+0.39
0.09+0.33
0.00+0.00
0.23+0.28
1.10+1.00

0.19+0.18

0.28+0.29
5.54+7.57
0.39+0.41
0.16+0.28
3.27+2.46
3.28+8.47
0.2+0.26
0.59+0.91
8.47+4.57
0.14+0.13
2.05+2.58
0.00+0.00
0.42+0.40
0.00+0.00
0.75+0.67
3.51+2.81

24.44+14.31 44.48+11.289.65+15.32

0.00+0.00

0.30+0.65
1.93+1.92
0.09+0.19
0.08+0.23
4.10+1.53
0.02+0.06
0.07+0.13
0.18+0.41
8.25+2.76
0.12+0.28
0.64+0.90
0.00+0.00
0.48+0.47
0.00+0.00
1.24+0.56
3.29+1.43

39.10+7.37

.836
210

401

3.04

540

340
.690
43.83
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0.00+0.00

0.03+0.08
0.95+0.84
0.08+0.20
0.13+0.32
4.63+0.96
0.05+0.13
0.23+0.41
0.00+0.00
10.18+2.67
0.10+0.24
0.00+0.00
.00£0.00
0.22+0.53
0.00+0.00
0.96+0.81
3.20+1.75

42.41+4.71

0.09+0.17 0.23+0.34

0.42+0.59  0.24+0.20
0.25+0.29  0.98+0.85
1.2842.56  0.09+0.21
0.00+0.00  0.00+0.00
4.12+2.75 6.42+2.09
0.05+0.10 0.00+0.00
0.08+0.16  0.00+0.00
0.00+0.00 0.18+0.28
11.33+£1.4015.90+6.54

0.06+0.11  0.00+0.00
0.00+0.00 0.34+0.32
0.88+1.76  0.00+0.00
0.42+0.49 0.68+0.62
0.00+0.00  0.00+0.00

0.44+0.50 0.80+0.83

1.98+1.48

3.72+0.55

43.25+2.86.97+7.81



5.3.4 Hake and prey FA associations

The nMDS plot of hake samples collected in Jan@8yl showed all hake clustered together,
with a clear separation from the potential prey there collected in December 2011 (Fig. 5.5).
The nMDS plot of hake collected in December 201dwsdd two clusters of potential prey
species. Lantern belly (&icrolepis) shortnose greeney€. agassizi) angencil cardinalE.
denticulatus)vere positioned close to bolth capensiandM. paradoxusCape anchoviE.
capensis)blackbelly rosefisi{H. dactylopterus)flying squid(T. sagittatus)smalltooth
grenadiergN. micronychodon)xape dragndiP. costatus)and pelagic gobyS. bibartusyere
more similar tavl. paradoxughan toM. capensigFig. 5.6).

The ANOSIM results indicated that TFA compositi@iisnost prey were significantly
different from hake neutral FA compositions (Tablg, R = 0.51, p<0.001). Flying squid@.(
sagittatug were not significantly different fromul. paradoxuscollected in December 2011
(Table 5.5, R=0.51, p=0.11).

66
© J.A litembu 2014 ® Rhodes University 2014



¢ M. capensis B M. paradoxus A C. simorhynchus X C. agassizi

X E. capensis OE. denticulatus +H. dactylopterus -N. micronychodon
P. costatus <& S. bibarbatus [JS. microlepis T. sagittatus
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Figure 5.5: nMDS output of hake neutral fatty acids colleatewing January 2011 and total fatty acids of pralected in December
2011 (stress = 0.09).
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¢ M. capensi WM. paradoxu AC. simoryncht x C. agassi:

XE. capensis OE. denticulatus +H. dactylopterus -N. macronychodon
P. costatus <& S. birbatus [1S. microlepis T. sagitatus
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Figure 5.6: nMDS output of hake neutral fatty acids colleate®ecember 2011and total fatty acids of prey atéd in December
2011 (stress = 0.20).
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Table 5.6: Pairwise comparisons of total fatty acids in pgeg neutral fatty acids in hake
(ANOSIM, R=0.51). Circled values indicate signifitgpairwise ANOSIM results (p > 0.05).

Prey species

M. capensis

M. paradoxus

Jan 2011 Dec 2011

Jan 2011 Dec 2011

C. simorhynchus  0.0001 0.0001 0.0003 0.0001
C. agassizi 0.0001 0.0001 0.0002 0.0002
E. capensis 0.0001 0.0001 0.0001 0.0001
E. denticulatus 0.0001 0.0002 0.0002 0.0003
H. dactylopterus  0.0001 0.0001 0.0001 0.0001
N. micronychodon 0.0001 0.0001 0.0004 0.0001
P. costatus 0.0001 0.0001 0.0054 0.0003
S. bibartus 0.0001 0.0001 0.002 0.0003
S. microlepsis 0.0004 0.0003 0.022 0.0006
T. sagittatus 0.0378  0.0285| 0.0003 0@07%
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5.4 Discussion

FA signatures from the two hake spedigls paradoxuandM. capensisyvere significantly
different, with a significant temporal change irkbaneutral FA compositions observed between
the two sampling periods. The comparison of hak#rabFAs and TFAs of potential prey
showed their relative associations, indicating prélyences oM. paradoxusandM. capensis
diets. Flying squidT. sagittatuyin particular showed a significant influence be tiet ofM.
paradoxus My study showed the usefulness of neutral FAsadde and TFA of prey sources to
investigate their trophic relationships.

The FA profiles in the two hake species and presevganilar to those of the most abundant
FAs found in marine fish (Budg# al. 2002; Guil-Guerreret al.2011; Pethybridget al.2011).
Hake and its potential prey had more PUFAs tharrdifpe of fatty acids exceft microlepsis,
which had more MUFAs than PUFAs and SFAs. Most neafish lack delta -5 desaturase
activities needed to biosynthesize PUFAs and tbesdfave an absolute dietary requirement for
unsaturated FAETocher and Ghioni 1999; Hastingsal. 2001; Nichols 2003PUFAs are
transferred through the food chain from primarydueers that carry out elongation of short-
chain FAs to form PUFAs (Calder 2001; Nichols 2068yh PUFA content than other FA types
in the two species of hake (Fig 5.1) is in agreemeétin the findings of previous studies of the
two hake species (Wessels and Spark 1973; @tatb2011). The increased MUFA, as
compared to other types of FAs,3nmicrolepsigFig. 5.4), could be because it is has more fat
than the other species considered. Fatty fish agtatendepot lipids composed mainly of
saturated and monounsaturated FAs (Kozlova anditdbbenko 2000). Palmitic acid (16:0),
which was the most abundant SFA in the hake ang pAecompositions, is possibly related to
the influence of phytodetritus in their diets (Resmaet al. 1990).The high proportions of oleic
acid (18:1(n-9)) among the MUFAs (Table 5.4) mdlet the influence of crustaceans in both
hake and prey diets (Lex al. 1971; Morris 1971). However, palmitic acid (16a0d oleic acid
(18:1(n-9)) can be synthesized de novo by somealsjmence their abundance in hake and prey
may not only reflect dietary influences (Weers &ndati 1997; Weerst al. 1997). For PUFASs,
hake and prey showed similar patterns comparedatiitr marine fish, where DHA (22:6(n-3))
is the dominant PUFA (Kozlova and Khotimchenko 20K0ussoropliset al.2010; Lancgaet al.

2011, Gladysheet al.2013). High concentrations of DHA among the PUBARake were
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observed by Wessels and Spark (1973), and hasftweah in liver oil of other hake e.g.
Merluccius hubbs{Méndez 1997). The level of DHA observed, is likikbm the influences of
zooplanktivorous hake prey feeding on zooplankierhsas copepods, which have high DHA
content (Huynh and Kitts 2009; Gladyshehal. 2013). Groteet al. (2011) observed the
dominance of palmitic acid, oleic acid and DHA gge and larvae of the two hake species. It is
therefore plausible that the dominance of these dahsalso be attributed to increased metabolic
requirements of these FAs by the two hake speMagdr et al. 2013), rather than simply to

their abundance in hake diet.

Multivariate tests revealed significant differendessimilarities in the FA profiles of the two
hake species, indications of the differences df tietary sources. The differences in hake
species FA profiles reflect the influence of digtdems with different FA profiles and possibly
the effect of their different metabolic activitiéounget al.2010). The group of FAs that
yielded the maximum discrimination between the species changed between sampling
periods. The temporal variations could be a resffudeasonal variation in quantity and quality of
prey resources that influence FA profiles (Elizaki2d00; Czesngt al.2011; Braeckmaet al.
2012; Goncalvest al.2012; Dethieet al.2013). The temporal variations . capensisvere
reflected in stearic acid (18:0), erucic acid 2:@frand palmitic acid (16:0), and discriminant
analysis correctly classified 98 % of the sampteés the correct collection period. R
paradoxuspnly DHA yielded maximum discrimination betweer tollection periods (100 %
classification success rate), which showed thaethas less temporal variation in its FA
composition. The decreased temporal variatiod.iparadoxudissues can be an indication of
dietary specialization or the dominance of simieey species in their diets during the different
collection periods.

The fact that stearic acid (18:0), which can bugriced by changes in temperature (Tanakol
et al. 1999) was among the FAs that contributed to digsiities between the two hake species
can be an indication of temperature influences fgassible that there are differences in
metabolic rates of different fish species with ajesin temperature (Childressal. 1990), and
temperature normally decreases with ocean deptho@dh the two hake species have
overlapping depth distribution]. capensiss found at shallower depths thish paradoxus
(Burmeister 2001)Further studies are needed to look at the inflaeimother factors (i.e.
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temperature) on hake FA composition to better dalia the influence of diet on FA& study of
dietary lipids and temperature interaction thaluemced tissue FA compositions of Atlantic
salmon indicated that temperature had a markedenfe on polar lipid than neutral lipid
compositions (Jobling and Bendiksen 2003).

One of the FAs that consistently discriminatedtthe hake species irrespective of the
sampling period was erucic acid (20:1(n-9)). Erwad (20:1(n-9)) content in hake may reflect
their consumption of organisms such as crustaca@achsquid (Phillips 2003; Beckmaenhal.
2013).Distinctions between the diets M. capensi@andM. paradoxusmay potentially be based
on differences in the relative numbers of crustasead cephalopods in their diets. Traut (
1996) indicated that crustaceans and cephalopodsafeninor importance thl. capensisbut
contributed relatively more to the dietMdf paradoxusThe flying squid T. sagittatuywas the
only prey species whose TFA was not significantffedent fromM. paradoxuseutral FAs.
Although the above was based on a single margivalye (Table 5.6), it can be an indication of
an increased influence of cephalopods in the didt.gparadoxusompared with that dfl.
capensis

The nMDS analyses showed qualitative separatioitis,little overlap, between the two hake
species based on their FA compositions. The ovedajd be a result of dietary source overlap,
thereby supporting findings from stomach contemdlits (Roel and Macpherson 1988; Traut
1996). The FA compositional overlap could also ltefsom similar phylogenetic positions of the
species, as such taxonomic relationships can @eaunilar FA compositions in different species
even if they have different feeding strategies (Makvaet al.2011). The nMDS visualization
of potential prey TFA profiles together with hakeutral FA profiles indicated some
associationsSynagrops microlepi. denticulatusandC. agassizhad similar TFA to both hake
species, which may imply that they have similalui@hces on hake dietS&ngraulis capensis, H.
dactylopterus, T. sagittatus, N. micronychodongdatatusandS. bibartushad similar profiles
with M. paradoxusonly. Stable isotope analysis indicated taparadoxusvas more
piscivorous in its feeding thavl. capensiglitembuet al. 2012). The stable isotope results
support the FAs results in that all the prey spethat have similar FAs fd. paradoxusalso

occupied higher trophic levels than other prey (@& 3 and 4)
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This study has shown that FA compositions can led ts differentiate diets between closely
related and sympatric aquatic animals. Howevdredomes difficult to predict how individual
FAs behave at higher trophic levels because ofgalton and desaturation processes occurring
throughout a food web (Graeeeal. 1994; Dalsgaardt al. 2003; Dalsgaard and John 2004,
Polliereret al.2010). The FA compositions of consumers are imibeel by their diets, but
preferential accumulations, modifications, and famkesis of some FAs are expected (Hessen
and Leu 2006; Guschina and Harwood 2006; Beckneaiah 2013). No single FA can be
assigned uniquely to any one species (Dalsgataati 2003). To use FAs with confidence in
dietary studies, it is important to understanddinect effects of diet on FA compositions and
turnover in predator tissues (Kirsehal. 2000). Future research should therefore involve
controlled laboratory studies whenever possiblthabwe may better understand the turnover
and deposition of FAs in hake tissues. The utilimadf FAs as dietary tracers in laboratory
studies can be used to understand processes occurtrophic food webs, so that we may trace
paths of FAs to hake in open-ocean systems. | rewnd that researchers incorporate a monthly
sample collection to allow for a comprehensive eatbn of the dietary relationships between

species.
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CHAPTER 6: SOME ASPECTS OF THE TROPHIC RELATIONSHIP S OF HAKE
(MERLUCCIUS CAPENSIS AND MERLUCCIUS PARADOXUS) AND SHARKS
(CENTROPHORUS SQUAMOSUS, DEANIA CALCEA AND D. PROFUNDORUM) OFF

NAMIBIA: A STABLE ISOTOPE APPROACH

6.1 Introduction

Trophic relationships play a major role in the staing of aquatic systems (Vander Zanden
et al. 2000; Heithausgt al. 2008; Larochet al. 2008). Understanding the trophic relationships
among different marine species is necessary towas#smrchers gaining insight into the roles
they play in influencing food web structure (Pethggeet al.2011). The marine waters off
Namibia have very high level of upwelling basedrary production that support a very large
biomass of marine species, aiding complex tropghlabes (Hutchingst al. 2009).

Hake (M. capensisandM. paradoxug are important secondary and tertiary consunmetisd
Benguela Current ecosystem (Roel and Macpherso8; t&/manst al. 2004). Sharks such as
Centrophorus squamos@Bonnaterre, 1788Deania calcegLowe, 1839)andDeania
profundorum(Smith & Radcliffe, 1912) have overlapping depthtdbutions with hake (Bianchi
et al. 1999; Burmeister 2001). Sharks are known top poeddCortés 1999; Rogees al. 2012)
that feed on a variety of fish (Ebert 1991, 1994rrigttet al. 2012), pinnipeds and cetaceans
(Pethybridgeet al. 2011). Stomach content analyse€osquamosus, D. calcaadD.
profundorumhave indicated that they feed on hake (Yano 199#rtiet al. 1992; Ebert 1994),
and other prey common with hake (Pagt@l. 1987; Roel and Macpherson 1988he trophic
relationships between hakil.(capensis and M. paradoXusnd sharks(. squamosus, D.
calceaandD. profundorumjn Namibian waters are not well understood, attle lis known
about the impacts these sharks have on hake biomass

Fisheries management is moving towards an ecosysésed approach (Roux and Shannon
2004; Cochranet al.2009) that requires an understanding of specighic interactions
(Shannoret al. 2006). This study contributes towards researabrisfto aid consideration of
trophic dynamics in fisheries management decisferts total allowable catches), and evaluate
the potential impact that sharks have on the hak®adrss. Several studies, from other

74
© J.A litembu 2014 ® Rhodes University 2014



ecosystems other than the Benguela, have useé ssabdpes to look at the trophic rotefs
sharks(Davenport and Bax 2002; Estraetaal. 2003; Domiet al. 2005).

| compared the isotopic niches of two hake andetlsteark species, as isotopic niche width
correlates positively with diet breadth of spe¢i@ammingset al.2012) and can be used to
make inferences on their population trophic nichéthv(Syvéaranta et.al 2013). | investigated
their predatoiprey relationships by comparing the contributiohbake and other prey to the
diets of sharksThe biomass contributions of hake to the dietthefthree sharks was estimated
using isotope mixing models combined with hake l@eses estimated from surveys. Given the
common prey in their diets (Roel and Macphersor815&no 1991; Ebert 1994) and the
overlapping depth distributions hake (MacphersahRoel 1987; Bianclet al. 1999;
Burmeister 2001), | hypothesized overlapping déetd niche breaths for these hake and shark
species. This study represents the first comparativestigation of the trophic relationships of
sharks and hake in the northern Benguela Currestystem (Namibia) using stable isotope

analysis.

6.2 Methods and materials

6.2.1 Field sampling
All shark, hake and prey samples were collectechdurake surveys (January-February, 2011)

as described in Chapter 2, section 2.1

6.2.2 Laboratory analysis
All samples were measured ®rC ands™N at IsoEnvironmental CC Laboratory (Rhodes

University, Grahamstown, South Africa) as descrilme@hapter 2, section 2.2.1. Relative

trophic positions of species were calculated asrded in Chapter 2, section 2.2.1.

6.2.3 Statistical analysis

Significant differences o§*°N ands**C values among hake and shark species were
determined using analysis of variance (ANOVA) felkd by a Tukey HSD (Tukey Honest
Significant Differencepost hodest. Data were examined for normality and homedgof
variance using Shapiro—Wilk and Levene tests. Viofs of normality and homogeneity of the

data were addressed using log transformationsrdlagonships between size (total length) and
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stable isotope values'fC, 5*°N) were evaluated using correlation analysis. Gatmn of
isotope-based metrics suchdaN range (NR) indicated trophic diversig}°C range (CR)
represented the niche diversification at the b&sefood web, and total area (TA) of the convex
hull represented total amount of niche area occlipyespecies were done following Laymestn

al. 2007. The convex hulls shows how individuals aspersed within isotope niche space
(Jacksoret al.2012). Total area from a convex hull cannot, haavelse compared between
different sample sizes, as the convex hull aregeases with sample size (Jacksvml. 2011).

A standard ellipse area, corrected for small sarsigkes (SEA4), was calculated to account for
variation in sample size (Jacksenal.2011).

Feasible dietary contributions of hake and otheemital shark prey were examined using a
Bayesian isotope mixing model [SIAR (Stable Isot&palysis in R)]. SIAR allows for the
inclusion of isotopic signatures and fractionatiogether with their standard deviations into the
mixing models (Parne#t al.2010; Galvaet al. 2012). The fractionation factors used in my
models were 3.4%o (+0.98) f6°N and 0.39%. ( +1.3) fo8'°C (Post 2002b). Although
fractionation can vary among species (Vanderkhfl onsard 2003; Caet al. 2009), diet-
tissue discrimination estimates for teleost fishehbeen successfully used to provide estimates
for sharks (Logan and Lutcavage 2010).

The potential prey included in the models were iified based on previous stomach content
studies of sharks (Yano 1991; Ebettal. 1992). Each species of halkd. (capensi@andM.
paradoxu$ was separated into two groups; medium-size ha#@ ¢m) and larger hake (>40
cm). Hake that were less than 15 cm (juvenilespwet separated by species as they are
trophically indistinguishable (litembet al.2012). Hake biomass estimates were derived from a
2011 hake survey (Kainge al.2011). All statistical analyses were done usiféRFCore Team
(2012), Vienna, Austria].

6.3 Results

6.3.1 Isotopic characteristics of hake and shark ggies
A total of 147 samples representing hakke ¢apensi@andM. paradoxuspnd sharkgDeania
profundorum, Deania calceandDeania squamosjisvas analysed to deridé®N ands**C
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isotopic signatures (Table 6.1Jentrophorus squamoshad the most enriched meainiN (15.1
%o) and most enriched meal’C (-15.8%o).Merluccius capensiexpressed the most depleted
meand™®N (13.0 %), whileM. paradoxushad the most depleted me#HAC (-16.6 %o) (Figure
6.1).

Sizes of the species considered ranged from 23 tor6forM. paradoxus16-69 cm foiM.
capensis50-88 cm foD. profundorum43-121 cm foC. squamosuand49-110 cm foD.
calcea.All the species had significant correlations betwksmgth (total length) andf°N, with
the exception of. squamosufR?= 0.009, p-value = 0.71Merluccius paradoxugR?= 0.0002,
p-value = 0.92) an€. squamosu@R?= 0.15, p-value =0.12) showed no significant catiehs
between length angt>C. Centrophorus squamostisd the highest average relative trophic level
of 3.5, whileM. capensidiad lowest relative trophic level of 2.93 (Tablé,digure 6.1).

There was a significant difference among speéesl (ANOVA, p < 0.05). A Tukey HS[post
hoctest indicated that there was no significant déffee betweeB. profundorumandD. calcea
(p=0.96, betweerM. paradoxusandD. calcea(p= 0.12) and betweeM. capensiandM.
paradoxus [§=0.13 (Figure 6.2). There was a significant difference (.05) among species
with regard to theit**C. Tukey HSD showed that the significant differemees betwee.
paradoxusandC. squamosusnly (p=0.04) (Figure 6.3).

77
© J.A litembu 2014 ® Rhodes University 2014



15 4 I ]' 1
= ICetmphaus sqQuamosus

- A T

= Deania profundonan

=

e} 14 1 " 4

o ' eania calces |
' r.laticw'wadm
2 1
3 Merluce ius capensis
12 Ll LS LS L]
-18 17 -18 -15 -14
. prp
8 °C (%)

Figure 6.1: Bi-plot of means (triangles) and standard deviatigerror bars) 05*°N ands'*C
values for the three sharR (profundorumD. calcea,C. squamosysand two hake specieli(

capensisandM. paradoxu}

Table 6.1: Mean (xSD) values of stable nitrogen and carbotofes for sharks and hake,

together with sample sizes (n), trophic level (&bd C: N ratios.

Species n TL "N o1°c C:N

M. paradoxus 52 3.1(1.7) 13.32(0.59) -16.60(0.53) 3.26(0.17)

M. capensis 54 2.93(0.24) 13.02(0.81) -16.31(0.94) 3.21(0.07)

D. profundorum 15 3.24(0.13) 14.08(0.46) -16.07(0.41) 2.61(0.07)

D. calcea 9 3.19(0.16) 13.90(0.57)  -15.98(0.78) 2.61(0.05)

C. squamosus 18 3.56(0.16) 15.11(0.53)  -15.83(0.78) 2.60(0.21)
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calcea(DC) andCentrophorus squamos{8S)]. Pairwise comparisons, with confident intdsvof their means differences touch the

zero line, indicates that their means differensasot significantly different from zero.
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that their means differences is not significaniffedent from zero.
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6.3.2 Trophic niches and diets

Isotope-based population metrics indicated Matapensihad widest*N (4.2) ands*3C
ranges (4.20), whil®. profundorurrhad the narrowest°N (1.7) and**C ranges (1.48).
Merluccius capensibad the largest TA, witD. profundorunmhaving the smallest (1.65) (Table
6.2).Merluccius capensiBad the largest SEAc, whil2. profundorumhad the lowest (Table
6.2, Figure 6.4). The trophic niche of shark frb@aniagenus overlapped with that of both hake
species (Figure 6.4)

Table 6.2: Carbon ranges{® C R), nitrogen ranges°N R), the total area of the convex hull
(TA) and standard ellipse area (SEAc) of hake dradksspecies. The number of individuals

used to calculate the metrics are shown in parsathe

Species d°NR CR TA SEA.

M. capensis (54) 4.21 4.20 10.52 2.35

M. paradoxus (52) 3.02 3.97 6.26 0.97

Deania profundorum (15) 1.71 1.48 1.65 0.56

Deania calcea (9) 1.76 2.43 1.86 1.22

Centrophorus squamosus (18) 2.14 2.98 3.36 1.21
81
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A total of 201 samples representing 14 speciepexiss group of fish, cephalopods and
crustaceans (potential prey of sharks; Table 6e3pvanalysed for isotopic signatur&s) and
813C). Among the potential prey used in the mo@alelorinchus simorhynchusad the most
enrichedd™N (14.63%o0), euphausiglkrill) had less enriched™N (10.98%.) and most depleted
83C (-16.90%0).Solenocera africanhad the most enrichéd®C (-14.85%o). Potential prey
trophic levels ranged from 3.4 f@aelorinchus simorhynchues 2.33 foreuphausiid (krill)

(Table 6.3). Feasible contributions of differengyto the diets of the three sharks indicated that
crustaceans were the major preyCofSquamosu&@round 40 %; Fig. 6.6). All prey contributed
fairly equally to the diet oD. calcea with slightly reduced contributions of largdr paradoxus,
Nezumia micronychodoipigonus denticulatuandC. simorhynchugFig. 6.7). The

contributions of prey to the diet Bf. profundorumwere similar to that dD. calcea(Fig 6.8).
Based on the 2011 hake biomass survey (Kagtgéd 2011) and SIAR dietary proportions (Fig
6.6-6.8),C. squamosusonsumed 55 340.76 tonnes (4.9 %) of hakesdlteaconsumed 77
950.52 tonnes (7.0 %) am profundorumconsumed 75 669.15 tonnes (6 %) (Table 6.4). The
three sharks consumed 18% of the total hake bigrésgich 57 % wadl. capensig<40 cm;
Table 6.4).
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Table 6.3:Mean (£SD) values of stable nitrogen and carboto®ratios of muscle tissues from prey that weezlun the SIAR

model, with average C: N ratios, relative tropleedl (TL) and sample size)( 5'°C, represents lipid normalized values.

Species n  Taxon Family TL N o1°C "°C, C:N
C. simorhynchus 7 teleost Macrouridae 3.4 14.63(0.38)15.51(0.64) 3.12
E. denticulatus 4 teleost Epigomidae 3.2314.05(0.19) -16.81(0.17) 3.23
Helicolenus dactylopterus 8 teleost Scorpaenidae  2.762.45(2.38) -16.09(1.72 3.18
M. capensis (>40 cm) 20  teleost Merluccidae 3.0 13.26(0.76)15.76(0.52) 3.24
M. capensis (20-40) cm 34  teleost Merluccidae 2.8912.87(0.82) -16.62(1.0) 3.19
M. paradoxus (>40cm) 26  teleost Merluccidae 3.0913.57(0.42) -16.58(0.56) 3.31
M. paradoxus (20-40 cm) 26  teleost Merluccidae 2.9413.06(0.63) -16.64(0.5) 3.21
myctophids 4 teleost Myctophidae  2.812.62(0.51) -18.99(0.46) -15.60 6.78
N. micronychodon 12 teleost Macrouridae  3.4714.87(0.60) -15.82(0.43) 3.12
Small hake (<15 cm) 11 teleost Merluccidae 2.7512.41(0.29) -16.73(0.43) 3.23
A. varidens 19 crustacean Aristeidae 2.581.80(1.05) -16.18(0.99) 3.15
euphausiids(Krill) 16 crustacean Euphausiacea  2.3®.98(0.56) -16.90(0.24) 3.29
S. africana 10 crustacean  Solenoceridae  2.561.71(1.09) -14.85(0.70) 3.13
T. sagittatus 4 cephalopod Ommastrephidae2.86 12.51(.088) -16.83(0.24) 3.26
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Table 6.4:Estimated mean contributions of hake biomass (t®pee year) to the diets of sharks 6équamosus, D. profundorwand

D. calceg based on a 2011 biomass estimate and dietarpgiaps from SIAR models.

© J.A litembu 2014

® Rhodes University 2014

Hake biomass C. squamosus D. calcea D. profundorum | Total biomass
M. capensis (<40 cm) 628 003.5 32 904.65 44672.61 43125.99 120703.25
M. capensis (>40 cm) 235139.8 11 198.42 16306.98 15721.94 43227.34
M. paradoxus (<40 cm) 160 592.4 7502.44 11081.39 11093.78 29677.61
M. paradoxus (>40 cm) 69 571.7 2 556.95 4567.03 4322.04 11446.02
Small hake(< 15cm 17 889.4 1178.31 1322.50 1405.41 3906.22
Total biomass 1111196.8 55 340.76 77 950.52 75 669.15 208 960.48
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6.4 Discussion

The ranges 03'°N and3**C values of sharks) squamosus, D. calcesndD. profundorum)
and hakeN1. capensiandM. paradoxu} off Namibia support the hypothesis that thestedht
species have overlapping trophic niches and feedinges. Sharks have more enrichEt
signatures than hake, but simif&rC signatures, showing that different shark preyophdy
have similas**C signatures. Of the three sharks, those iDif@niagenus consume the greatest
hake biomassSharks also consumed mave capensishanM. paradoxuslikely a result of
their differing population abundances in Namibiaatevs.

Centrophorus squamosted at the highest relative trophic level comparethe other
species analysed (me&hN of 15.1 %, trophic level 3.5), with nitrogen ispe values being
significantly different from all other shark andkeaspecies in this study. The two sharks from
the Deaniagenus(D. profundorumandD. calcea)were not significantly different from each
other in terms 08N, an indicatiorthat they fed on prey from similar trophic leveNgerluccius
capensisandM. paradoxuswvere not significantly different from each othertémms of™N,
showing that there is dietary overlap betweenwwedpecies. This similarity confirms stomach
content findings from previous studies (Roel anccpeerson 1988); however, as indicated in
Chapter 3, the two hake experience different shiftheir diets through their development.
Merluccius capensisyith the most depleted meaf*N (13.0 %o) (TL=2.93), fed on prey at
lower trophic levels compared to all other spedidsriuccius capensibves at shallower depths
(Burmeister 2001) thakl. paradoxusand it possibly fed on prey that inhabit the goertal
shelf. Inhabitants of the continental slope haveenttepleted™N values (Yoshiet al. 1999).
The prey base d¥l. paradoxusoverlapped with that dD. calcea as no significant differences in
their 8"°N was detectedThe above is possibly becauasgeM. paradoxushow increased
piscivory in their diets relative tdl. capensiglitembuet al. 2012).

In terms 0f3*3C, C. squamosusad the most enriched mean values (-15.8%vjndication of
dependence on benthic prey. However, the only figmit difference i**C was betweeM.
paradoxusandC. squamosud.-hese results showed thdt paradoxusandC. squamosuted on
prey which differed in carbon sourcés. paradoxuswhich had the most depleted mearC (-
16.6 %o), possibly having fed on more pelagic prelyich have more depletéd®C values

relative to benthic-feeding fish (France 1995a; &gort and Bax 2002; Lelo@t al. 2008).
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Therelatively enriched™C in benthic species is because of their dependemeeganic carbon
modified through degradation and microbial recyglgmocesses (Fry and Wainright 1991,
Hobsonet al. 1995). Although measuring the trophic interacstrength between species is
highly problematic (Wootton and Emmerson 2005), &éesv given the diet and isotopic
information provided here, the trophic interactgtrength betweeN. paradoxusandC.
squamosuss likely relatively low.

All sharks and hake, with the exception®fsquamosusiad significant positive correlations
between total length ardd°N, an indication of ontogenetic shifts in theirdeey habits (Aradjo
et al.2011). Positive correlations between total leragti5*°N are common in many marine
organisms (Deuderet al. 2004) including hake (litembet al. 2012) and sharks (Estradgal.
2006). Correlation analysis 8f°C and length failed to show relationshipsvinparadoxusand
C. squamosysndicating some degree of specialization of the species. While fish can feed
on a wide range of available prey, the communigyrass may be largely reliant only on a
relatively few abundant prey taxa (Al-Halesial. 2008). However, conclusions on specialisation
cannot be based on isotope data; further anali)gestbmach content analyses of sharks need to
be conducted to justify these conclusions.

Merluccius capensjsvhich had wideB™N ands*C ranges than the other species, possibly
fed on prey from various trophic levels and muéipbsal resources. All of the sharks expressed
narrowers™N ands*’C ranges than the hake, an indication of narrowifepranges in the
sharks. The total isotopic area, which represen# amount of niche area occupied by a species
(Laymanet al.2007), was also narrower for the sharks compardidet hake. Some species of
sharks exhibit some form of specialized feedingy(@i@and Bennett 2008; Matictt al. 2011).
However, no sharks in my study occupied uniqueogotniche areas, although mean isotopic
values differed between species.

A number of sharks prey were included in the SIA8Jel and were chosen based on
published gut content accounts (Yano 1991; Eéteat. 1992; Ebert 1994). The inclusion of
many prey avoids SIAR’s missing source biases @haehal. 2013) and reduces the effect of
the compositional data’s constant sum constraiittiWson 1986; Kucera and Malmgren 1998).
Among the potential prey,.Gimorhynchusad the most enriched me&iN (14.63 %o) (TL=
3.4) and euphausiids the most depleiet! (10.98) (TL = 2.3), forming the endpoints of the
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trophic spectrum. In terms 8t°C, euphausiids had the most deplet&€ (-16.90 %o), an
indication that it inhabited more pelagic watersla/s. africana with the enriched'C (-14.85
%0), exploits more benthic systems.

Crustaceans were the major preyCofsquamosuground 40 %), with low contributions from
both hake species (around 4 %). Crustaceans tdve twore important in the diets of squalid
sharks than in other shark species (Vaudo and Mz&ii). These results differed from previous
stomach content findings by Ebettal. (1992a), which indicated that cephalopods were the
most dominant prey group f@. squamosushe only cephalopod in this studl. Sagittatuy
was the third most feasible contributor after aiostins (euphausiids, varidensands.
africana)and a teleosfH. dactylopterus)However, findings in Ebert et al. (1992a) were tedi
by the number of stomachs analysed (18), makiddfitult to compare their findings to my
isotope results.

The twoDeaniashark specied). calceaandD. profundorum had similar prey contributions
to their diets, with all of the species contribgtiess than 7 % each. It is conceivable that Deania
sharks feed on a variety of prey and are less sl tharC. squamosuddake M. paradoxus
andM. capensiscontributed more to the diet of the tBeaniasharks thai€. squamosug.he
dietary contributions of hake to shark diets wewg however, different from the contributions of
other prey. There was also a reduction in feasll@d&ary contributions of largévl. paradoxus,

N. micronychodoyE, denticulatusandC. simorhynchuso shark diets in comparison to other
speciesonsideredBased on the 2011 hake survey biomass estimatésgdet al. 2011), the

three sharks in this study consumed an estimat&ldf&@he hake total biomass (208 960.48
tonnes )pf which 57 % wad/. capensig<40 cm). The greater consumption\df capensisvas
mainly because it is more abundant in Namibian isateanM. paradoxugKaingeet al.2011).

The similarities between the diets@f profundorunmandD. calceaare probably related to the
morphological similarities in the two body formsdatheir feeding structures (Bianadti al.

1999; Ferry-Graharat al. 2002). My results therefore support the hypotheke specialized

diet for C. squamosuand more generalized dietsDn calceaandD. profundorum Some sharks
specialize on the consumption of teleosts, whitepspecialize on crustaceans (Braccini 2008).
Sharks from the genuBeaniaare considered as principally fish eaters in thehneastern

Atlantic Ocean (Mauchline and Gordon 1983). It hasn noted based on FA profiling and gut
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content analyses of dogfish that those occupyibigad depth and bathymetric distribution were
recognized as more generalist feeders, whilst aihbecies occupying upper-slope had diet
dietary selectivity for crustaceans (Pethybridgelef011).

The three shark species occupied a relatively san@l of isotopic niche space relative to the
two hake species. A narrower isotopic niche inlshaan indicate feeding specialization that can
reduce competition with hake; however, the indiaildeariability in isotopic values shows high
degrees of overlap among these predators. Thig sardes limitations inherent in the use of
stable isotopes in ecological studies, such apatential errors involved in using average
trophic fractionation factors of 3.4%. f6t°N and 0.39%. foB™*C (Post 2002b). Experimental
work has demonstrated that fractionation can vargrag consumers (Vanderklift and Ponsard
2003; Cauet al.2009). Future studies should therefore focus oasméng species specific
trophic fractionation factors. While data in mydjallowed for some inferences on the trophic
relationships of several predators, | recommentiaharger study with increased sample sizes
for predators and prey across time and space.nidnedse in sample size can increase the
precision of population level isotopic niche caltidns (Syvaranta et al. 2013) and possibly the
output of isotopic mixing model, as it will covéret distribution and range of the population

isotope values.
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CHAPTER 7: TROPHIC RELATIONSHIPS OF HAKE SPECIES ( MERLUCCIUS
CAPENSIS AND M. PARADOXUS) FROM THE NORTHERN BENGUELA CURRENT
ECOSYSTEM (NAMIBIA): A SYNTHESIS

7.1 Introduction

In this study, | aimed at increasing our understagdf the trophic relationships of two hake
species¥l. capensiandM. paradoxu} using time integrating trophic biomarkers. Earlie
inferences on the trophic relationships of hakesHaaen based mainly on stomach content
analyses (Macpherson 1983; Roel and Macpherson Pagget al. 1992; Traut 1996), a
method with several inherent limitations. The trigpielationships of hake relative to each other,
their known prey and top predators (demersal shankbe northern Benguela Current
ecosystem (Namibia) were investigated using stablepes and FA signatures of their muscle
tissues. The combined use of stable isotope ansigifatures can shed new light on trophic
relationships of marine species, particularly inaions where stomach content analyses alone
were insufficient (Alfarcet al. 2006; El-Sabaawet al. 2009; Stowasseat al. 2009). My study
provided new information on hake species’ ontogémighic shifts (Chapter 3), the
contributions of different prey to hake diets (Cteal), hake species dietary differences
(Chapter 5), and some aspects of their trophitioglships to demersal sharks (Chapter 6). It
also demonstrated the added value of using trdpbioarkers to study trophic ecology of
marine species. The results will aid the considematf trophic interactions in fisheries
management approaches, one of the requirementsefeuccessful implementation of the
ecosystem approach to fisheries management in Nemmnaters (Shanncet al. 2006;

Cochraneet al. 2009).

In the following sections, the trophic relatiorhof the hake specielsl( capensisandM.
paradoxu3in the Northern Benguela current ecosystem (Nahdre discussed in light of new
knowledge from trophic biomarkers. This is followegla brief discussion on the importance of
incorporating information of trophic relationshipsfisheries management approaches. The
importance of new knowledge about species trogHationships to the successfully
implementation of an ecosystem approach to fisk€dE&F) management (Garcia and Cochrane
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2005; Shannost al.2010) is also briefly discussed. Finally, recomdaions are made for

future studies to complement the findings of thiglg.

7.2 Trophic relationships of hake M. capensis and M. paradoxus) off Namibia

Both hake species become piscivorous with incrgeside (Macpherson 1983; Roel and
Macpherson 1988; Pust al. 1992; Traut 1996), but their ontogenic trophiatenships were
not known. This study showed that bdth capensieandM. paradoxushad a significant positive
relationships size and nitrogen isotop®51{; Chapter 3), an indication of their ontogenic
trophic shift. However, the slopes of the two spstcontogenic trophic shifts were significantly
different, withM. paradoxudisplaying a steeper trophic shift. The differesxsaggest that,
although the two species are sympatric, theresguree partitioning with growth, which can
reduce food competition between them. A signifidantease in carbon isotop&iC) with size,
which was observed iil. capensiut not inM. paradoxusalso suggest the former changes to
prey with different carbon source as well. Thigdgtashowed that there is greater trophic
interaction of smaller hake of both species (20ef89, which were trophically indistinguishable
(Chapter 3)The larger hake were trophically different from leather, suggesting that largdr
paradoxudeed at higher trophic levels than lardércapensigChapter 3 and 4). Food web
models from the Benguela region estimated a higbghic level for hake species [4.0 for small
and 4.5 for larg&. capensisand 4.1 for large MparadoxugRoux and Shannon, 2004;
Watermeyer et al., 2008; Shannon and Jarre, 1988¢]ecosystem model results put them at
the trophic levels which are similar to large pédish, seals and seabirds (Wilhe&nal.,in
review). Interestingly, this study suggested thesgality of feeding competition betweém
paradoxusand sharks from the genDganig as they had overlapping feeding ranges (Chapter
6). The above suggest that the population dynadaiitse hake are possibly affected by different
prey dynamics, whose management will require acifit approach.

Feasible contributions of different prey to thetslief the two hake, as determined by
Bayesian isotopenixing models, indicated that the two species haxglapping diets (Chapter
4). The mixing model findings are consistent wigsults from stomach content analyses (Payne
et al. 1987; Roel and Macpherson 1988) and the findifigisedar FA signatures (Chapter 5). My

findings suggested th& microlepsis, P. martia, C. agazigiyctophids and euphausiids are
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important prey of the two hake species (ChapteTHg. highest contributor to the dietMdf
paradoxusvaried with the length of the predator, while thet of M. capensisvas dominated by
myctophids at all length classes (Chapter 4). Thustophids appeared more important to the
diet of M. capensighan to the diet dfl. paradoxusFatty acid signatures also suggested that the
flying squid (T. sagittatuy had greater influences on the dietvbfparadoxughan on the diet of

M. capensigChapter 5). The influence of different key preythe diets of the two species is also
reflected in the neutral FA signatures, which wagmificantly different from each other

(Chapter 5). This study provides strong evideneg @though the two species have overlapping
feeding ranges, they have different prey that aset& their respective diets. The importance of
the prey to their diets is possibly also influenbgdemporal variations in quantity and quality of
prey dietary resources, as reflected by significhiférences between samples from the two
collection periods (Chapter 5).

High rates of cannibalism have been reported inwloehake species, with studies based on
stomach content analyses indicating that it mapaatcfor >70% (prey mass) of hake diet
(Payneet al. 1987; Roel and Macpherson 1988; Traut 1996). $Sb®pe-mixing model results
indicated that it accounted for less than 6% andri#ite diets oM. capensiandM. paradoxus
respectively (Chapter 4). Isotope-based estimdtpsey dietary contributions suggest that
previous gut content analyses overestimated the itikegrated cannibalism rates. The
differences can, however, be consequences of tfeeatit methods used, with stomach content
analyses representing snapshots of recent fee@omggs 1997), while isotopes represented time
integrated views of the hake diets. The higherlfegécannibalism observed from gut content
results may also be due to prey patch charactesjstuch as local densities of hake at the times
of feeding (Benoit-Bircet al. 2013). My results therefore suggest that in timg lerm,
cannibalism might not be the main cause of namtality of hake, as previously thought (eg.
Lleonartet al. 1985). While efforts have been made to includg@aténtial prey of hake, mixing
models results suffer from missing source biasessadt of the compositional nature of their
results (Parnekt al.2013). The mixing models results are also limkigdhe constant sum
constraint (Aitchison 1986; Kucera and Malmgren89%®ith poor estimation of one prey

dietary proportion leading to the others being poestimated too (Parnetit al.2013).
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Other than the stomach content analyses on sggladidks, which indicated that they feed on
hake (Eberet al. 1992), shark trophic relationships relative todnake not well understood.
Stable isotopdased estimates of shark diets indicated that hakaot the main prey @.
squamosuswvhose diet was dominated by crustaceans. Howthaexe was an increased
contribution of hake to the diets Deaniasharks (Chapter 6). The fact that the three stheaks
potentially consume upwards of 18 % (208 960 tonoethe total hake biomass (1 111 196.8
tonnes, 2011 biomass estimate) suggests that shi@rkse of the main contributors to the
natural mortality of hake. Equally, it is also pdéhle that any change in hake biomass will have
an impact on the population of sharks in this geRagulation estimates of sharks indicate that
they have been declining globally (Heithaisl. 2008), and it is possible that the declining
biomass of hake observed in Namibian waters (Raasfddvasconcellos 2000) had an impact on
the shark populations because of their predatey-mlationships (Chapter 6). In the light of this
possibility, it will be interesting to compare thepulation trends of sharks and hake over time.
Although sharks are top predators, my study indt&hat hake and shark species fed on prey
from similar basal resources. The similarities @&l sources are possibly a result of intensive
and persistent upwelling in Namibian waters, résglin homogeneity of basal resources across
the areas studied. The influence of the upwellegime is between 150 and 200 km wide
(Duncombe Rae 2005), with the filamentous mixingaathat can extend to 625 km offshore
(Campillo-Campbell and Gordoa 2004). The two hglexges, however, had wider ranges of
carbon sources than did the three shark specidgraater trophic diversity in their feeding
patterns. This study suggested that, in compatisoime hake, sharks are more specialized in

their feeding.
7.3 Trophic relationships and fisheries management

There is a common understanding among fishery neasamd scientists that new alternative
approaches are needed to manage fisheries resatieeslogically sustainable harvest levels.
Recognizing the need for management approached basategrated ecosystem considerations,
fisheries management authorities are now movin@tds/an ecosystem approach to fisheries
(EAF) management (Garcé al. 2003; Roux and Shannon 2004; Garcia and Cochi@dfe; 2

Cochraneet al. 2009; Paterson and Petersen 2010; Patetsain2010; Volckaert 2013).
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However, adopting EAF requires, among other thiagsinderstanding of the trophic ecology of
fish communities in the food web (Byron and LinkLP). Understanding trophic relationships in
an ecosystem will aid EAF implementation by closyags in our knowledge of vital ecological
processes and linkages (Shanebal.2010). While trophodynamic interactions have been
recognized as important in the implementation oFE#ese interactions are poorly known in
most cases (Curst al. 2005b). Attempts to include ecosystem considematio fisheries
management is not new to fisheries science (Lo8b1Holling 1965; Berryman 1992).
However knowledge of trophic relationships of speds still not explicitly considered in
fisheries management (Link 2002b; Simensl. 2013), which is limitation of currently used
fisheries management approaches (Patf. 2000, 2002, 2003; Cumt al. 2005a; Siberét al.
2006).

The development of ecosystem models have furtherawed our ability to study trophic
interactions in marine ecosystems (Jarre-teichm®98; Paulyet al. 2000; Gascuel and Pauly
2009), but to be meaningful, ecosystem models tebd parameterized based on sound
empirical data (Jarre-teichmann 1998; Roux and S&t@2004). Results in this study (Chapters
3, 4, 5, and 6) provide trophic information whishniecessary for understanding and quantifying
the trophic interactions in Namibian waters. Thisaings will allow for refinement of
parameters used in ecosystem models (Retudy 1998) and stock assessment models (A'etar
al. 2010), thus promoting a science-based implememntati EAF management of hake and
other fisheries resources in Namibian waters. Whitannot be assumed that inclusion of
trophic interactions in management procedureslealll to improved fisheries regulation (Punt
and Hilborn 1994), knowledge of trophic relatiorhamong marine species remains crucial to
the management of our marine resources with greatdrdence (Yodzis 1994; Mueter and
Megrey 2006).

7.4 Future research
The results of my study have demonstrated the Lrefsi of trophic biomarkers to investigate

trophic relationships of hake in the northern Bezlgiecosystem (Namibia). Trophic interactions
are however highly complex, non-linear and can geamith time (Jarre-teichmarat al. 1998;
Duarte and Garc 2004; Crdat al. 2005; Rowet al. 2013). Thus there is great need for long-
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term studies of these predators and their preywinicorporate both small and large-scale
temporal and spatial sampling within the Northeem8uela ecosystem.

The use of stable isotopes in this study carrieduthcertainties associated with fractionation
factors and isotopic turnover rates, which can \ampng species and size. Future research
should focus on determining species-specific foaetion factors and isotopic turnover rates.
Accurate use of fractionation factors and turnaeges is crucial for the findings of isotope
based trophic studies to help direct future re¢eand improve parameters (e.g. natural
mortality) for stock assessment models.

The use of FAs to investigate trophic relationstapkigher trophic levels is also limited by
the lack of understanding of how individual FAs iega through elongation and desaturation
processes occurring throughout a food web. To #sawith confidence in dietary studies, it is
important to understand the direct effects of dieFA compositions and turnover in the tissues
of predators. Future research should include labogratudies to understand the turnover and
deposition of FAs in hake tissues. The utilizatddrAs as dietary tracers in laboratory studies
will then be used to understand processes occumitrgphic food webs, so that we may trace
paths of FAs to hake in open-ocean systems.

While the use of trophic biomarkers provided a timegrated view of hake diet, it missed
recent feeding activities that are accessible usiagach content analyses. A study involving
comprehensive stomach content analyses, in conntainaith trophic biomarkers, is
recommended to accurately assess dietary haliiskef species. Such a study could also be
conducted in conjunction with a prey biomass surt@answer questions relatedaiey patch
characteristics; for example, prey local densiiegmes of predator feeding. The prey biomass
survey results could then be used with isotopemgixnodels and stomach content analyses to
make inferences on the importance of particulay ppehe diet of hake.

Major changes have occurred in the waters off Nan{iBenguela region) that included
spatial changes in the distribution of small petdgh (Shannort al. 2003; Shannon and Cury
2004), and increases in biomass of other specarsamijellyfish (Flynret al.2012; Rowet al.
2013) and gobies(Utne-palet al. 2010). Whether these changes are as result oheeghift or
climate changes it is uncertain. The collectiobiothemical data (such as the one herein) need
to be continued so that we can create long teri skt It has been suggested that biochemical
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data show promise in determining species respansiémate change or regime shift and they
can potentially move us beyond the reliance on entwnal technique@arrish et al. 2013).
Additionally biochemical tracers have a role toypila future applications of ecosystem
management, especially in assessment and monitdiivege ecological data are integrated and
extracted from the tissues of marine organismsediptable ways. However, they are complex
and difficult to explain to managers who are mamaifiar with traditional emperical data.
Attempt should be made to simplify their interptetias so that practical and realistic
management measures can be based on these data.

My study represents the first that has combinegeisd stable isotope and fatty acid analyses
to look at trophic relationships ™. capensi@ndM. paradoxusn the northern Benguela
Current (Namibia). An extension of these analybesughout hake distribution range would
provide considerable insights into the trophic dyies of hake and other oceanic predators.
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APPENDIX

Appendix 1: Fatty acid (FA) compositions dflerluccius capensiandMerluccius paradoxus

January 2011

December 2011

Saturated Fatty Acids

M. capensis(n=25)

M. paradoxus (n=15) M. capensis(n=34)

M. paradoxus (n=36)

(SFAs)
14:0 1.11 +0.93 1.12 £0.97 2.23+0.90 1.45+£0.74
i-15:0 0.00 +£0.00 0.00 £ 0.00 0.10+0.07 0.06x0.07
15:0 0.14 £0.15 0.10+£0.12 0.39+0.15 0.34+0.16
16:0 19.44 £ 3.72 18.69 £ 2.85 20.21+1.62 20.44+3.47
i-17:0 0.00 +£0.00 0.02 £ 0.07 0.42+0.19 0.26+0.16
ai-17:0 0.13+0.16 0.14 £0.17 0.13+0.13 0.07+0.10
17:0 0.35+0.25 0.15+0.19 0.60+0.22 0.46+0.19
18:0 551 +1.39 4,54 +1.26 6.26+2.07 5.24+1.68
20:0 0.00 +0.00 0.00 +0.00 0.30+0.17 0.23+0.69
21:0 0.00 +£0.00 0.00 £ 0.00 0.24+.24 0.15+0.17
22:0 0.00 +0.00 0.00 +0.00 0.03+0.07 0.23+£1.24
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Appendix 1 continued
Monounsaturated Fatty
Acids (MUFAS)

16:1(n-7) 2.18+1.22 2.25+1.40 2.59 £ 2.64 1.34+1.92
17:1(n-7) 0.00 £ 0.00 0.00 £ 0.00 0.41+£0.19 0.38+0.22
18:1(n-9) 12.26 £ 7.49 14.83 £5.95 1470 £5.11 17.57 £6.85
18:1(n-7) 3.47+ 1.06 3.68 £0.85 3.56 £ 0.94 2.73+1.24
18:1(n-5) 0.00 £ 0.00 0.00 +0.00 0.10 0.11 0.05+0.08
20:1(n-3) 0.00 £ 0.00 0.04 £0.10 0.00 £0.00 0.00 +0.00
20:1(n-9) 2.63+251 4.04 +2.48 4.45 +2.09 4.89 +2.35
20:1(n-7) 0.02+0.11 0.11 £0.20 0.00 £0.00 0.00 +0.00
22:1(n-11) 0.82+1.42 0.35+1.06 0.00 £0.00 0.00 +0.00
22:1(n-9) 0.19 +0.54 1.49+1.70 2.94 £2.15 2.47 +1.69
24:1(n-9) 0.40 £ 0.58 0.59 £ 0.54 0.00 £0.00 0.00 £ 0.00
Polyunsaturated Fatty
Acids (PUFAS)
16:4(n-3) 0.02 +0.08 0.00 +0.00 0.00 £ 0.00 0.00 £ 0.00
18:2(n-6) 0.70+£0.40 1.93 +5.66 0.00 £ 0.00 0.00 £ 0.00
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Appendix 1 continued

18:3(n-6) 0.00 +0.00 0.02 +0.09 0.02+ 0.09 0.00+ 0.01
18:3(n-3) 0.04 £0.12 0.04 +0.10 0.00 +£0.00 0.00 +£0.00
18:4(n-3) 0.12 +0.26 0.06 +0.13 0.43+0.28 0.21+0.27
20:2(n-6) 0.04 +0.19 0.06 +0.10 0.09+0.11 0.07+0.11
20:3(n-6) 0.00 +0.00 0.00 +0.00 0.08+0.39 0.01+0.05
20:2(n-9) 0.05+0.23 0.08 +0.31 0.00 +£0.00 0.00 +£0.00
20:4(n-6) 2.42 +0.80 2.15+0.47 2.21+0.92 1.94+ 0.62
20:3(n-3) 0.00 +0.00 0.03+0.10 0.10+0.43 0.01+0.03
20:4(n-3) 0.20 +£0.50 1.48 £5.57 0.43+0.28 0.29+ 0.30
20:5(n-3) 13.21+7.16 8.85 +3.00 12.52+ 3.66 9.81+ 4.02
22:4(n-6) 0.00 +0.00 0.00 +0.00 0.05+0.15 0.01+0.04
21:5(n-3) 0.46 +2.29 0.00 +0.00 0.00 +£0.00 0.00 +£0.00
22:3(n-6) 0.00 +0.00 0.02 +0.06 0.00 +0.00 0.00 +0.00
22:5(n-6) 0.41+0.28 0.31+0.29 0.38+0.25 0.21+0.20
22:5(n-3) 1.71+£0.76 1.27 £0.73 1.88+0.74 1.27+ 0.56
22:6(n-3) 27.99 £ 9.54 27.92+11.59 22.17+£6.83 27.81+7.93
24:6(n-3) 4.00 +7.83 3.66 +4.73 0.00 +0.00 0.00 +0.00
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